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Accepted: September 2017 of the nanocomposites were formulated by blending 1000 g cassava
Key words: starch, 45-55% glycerol and 2% magnetite nanoparticles; and used to
breaker plate, evaluate the performance of a locally developed screw mixer at 5 mm
mixing index, and 7 mm diameters of holes in its breaker plate. The effects of glyc-
nanocomposites, erol and diameter of holes in the breaker plate on mixing index,
SCrew mixer . .
amount of unmixed nanocomposites and output/ 1000g were evaluated
as performance indices for 1 hour. Empirical models were determined
for predicting the performance of the mixer within the designed
criteria. The results showed that the output/ 1000g and the mixing
index increased with higher glycerol and diameter of holes in the
breaker plate. However, the amount of unmixed nanocomposites
decreases with a higher diameter of holes in the breaker plate
(p<0.05). The maximum output/ 1000g and mixing index lies between
5 mm diameter of holes in the breaker plate and 55% glycerol concen-
tration with an approximate desirability of 0.60. The empirical models
developed were fit (R?=0.89, p<0.05); and there were no significant
differences between actual and predicted values. The results suggest
application of 5 mm diameter of holes in the breaker plate for homog-
enizing nanocomposites for optimum performance.
Introduction

Nanocomposites can be regarded as a homogeneous mixture of different materials,
which include one or more nanoparticles and an organic or inorganic constitute. It is diffi-
cult to homogenize nanocomposites manually because of the small size of nanoparticles
(= 10"° m) compared to other constituents in the mixture. In most cases, a homogenizer is
required for an effective mixing operation. A good example of a homogenizer is a screw
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mixer equipped with extrusion facilities, such as an auger, breaker plate and die (Fadeyibi
et al., 2016a). A degree of mixing, however, depends on the friction heat and the pressure
exerted in the machine. The greater the friction heat and pressure buildup against the break-
er plate, the more homogeneous are the nanocomposites.

A breaker plate is a circular piece of steel with a number of holes drilled through it and
usually located at the exit end of a screw mixer, as shown in Figure 1. The breaker plate
provides a seal for containing the high pressure nanocomposites between the mixer die-
head and the barrel (Jiang and Zhu, 2008). The restriction offered by this arrangement en-
sures effective mixing of the nanocomposites. Moreover, routine maintenance of the break-
er plate is necessary to avoid materials stuck-up and holes blockage. It is required that the
breaker plate be dismantled, cleaned up and coupled whenever the holes are blocked. Alter-
natively, the old breaker plate can be discarded and replaced with a new one. Thus, one can
be sure that the performance of the mixer will be enhanced.

Figure 1. Typical breaker plate holes (Source: JoeTools, 2009)

Modeling of the mixing behavior has been reported for many types of screw mixers
(Fadeyibi et al., 2016a; Hu and Chen, 2006; Potente et al., 1994). Hu and Chen (2006)
established three dimensional isothermal flow models of kneading-disc elements for a tri
screw mixer with the finite element method and emphasized the analysis of materials flow
in the machine. Potente et al. (1994) reported a chaotic mixing behavior in the twin screw
mixer due to its relatively complex geometry and long development time. The design of the
screw mixer for homogenizing bulk solids has been reported by Fadeyibi et al. (2016a), but
the performance of the machine was not considered in the design. Moreover, there was no
available information on the influence of a diameter of the breaker plate on the performance
of the screw mixer. Consequently, there is a need to investigate the performance of nano-
composites at different diameter of holes in the breaker plate. The objective of this research
was to investigate the effect of the glycerol level and diameter of holes in the breaker plate
on the performance of an existing screw mixer for use in homogenizing nanocomposites.
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Materials and Methods

Materials

Materials used in this investigation, were cassava starch, glycerol and magnetite nano-
particles. The starch was prepared from cassava tubers according to the method described
by Fadeyibi et al. (2014). Analytical grade glycerol used was obtained from the Science
Education Development Institute (SEDI), Niger State, Nigeria. Magnetite nanoparticles
were prepared by adding 0.65 g of ferric chloride and 0.12 g of iron powder to 20 mL hex-
ane solution containing 6.0 g of dedecylamine and 3.5 mL of oleic acid at the room temper-
ature. The resulting mixture was transferred into a 60 mL Teflon lined stainless autoclave.
The autoclave was sealed and maintained in an electric oven at 180°C for 24 h and then
cooled to the room temperature naturally. The product was washed in absolute ethanol
several times followed by centrifugation at 1500 rpm for 5 min and finally dried in a vacu-
um at 60°C for 8 h (Anuku 2012). Thus, nanocomposites were prepared by adding 45% to
55% glycerol and 2% magnetite nanoparticles to 1000 g of the starch.

Methods

Description of a screw mixer and working principle

A locally developed screw mixer, shown in Figure 2, was used to mix and homogenize
1000 g of the nanocomposites. The extent of dispersion and distribution of particles in the
nanocomposites as well as the performance of the machine were analyzed at 5 mm and 7
mm diameters of the holes in the breaker plate.

(Source: Fadeyibi et al., 2016a)

Figure 2. Assembly drawing of the screw mixer showing breaker plate attached to die head
(1 — Electric motor seat, 2 — Extrusion barrel, 3 — Auger, 4 — Die head, 5 — Pulley,
6 — Electric Motor, 7 — Motor pulley, 8 — Belt drive, 9 — Tip, 10 — Collector)
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Performance Evaluation

Mixer output

Initial mass of the nanocomposites is essential in determining the output of the devel-
oped machine. The value of the bulk density of the nanocomposites reported by Fadeyibi et
al. (2014) was used to compute weight of material discharge. Assuming resident time of
60 min, including the time for feeding and discharging, the output of the material mixed per
g was computed from Eq. (1).

C VeTe
Output = Jv_t (T) 1)
where:
W, - initial mass of nanocomposites, 1000 g
Yo — bulk density of the nanocomposite, 2000 g-cm™
V. - volume of nanocomposite obtained at the end of time,
T. - residenttime (60 min)
T. - timeinterval of measurement (5 min)

Mixing index of a screw mixer

A degree of distribution and dispersion of nanocomposites was first evaluated as pre-
requisite for determination of the mixing index of the machine. By assuming that all the
particle sizes of starch, glycerol and magnetite nanoparticles are equal, the level of distribu-
tion and dispersion was determined from Eq. (2).

SZ — Vk (ai_ﬁ)z

Ko 0
where:

3 — ith amount of individual constituents

a — average concentration of individual constituents

k — number of samples (12)

S? - degree of mixing of individual constituents

Thus, the mixing index of the screw mixer, which determines homogeneity of the mix-
ing operation, was computed from Eq. (3).

Siz_sz
M= Si2—5c2 (3)
where:
M — mixing index, which ranges from 0 to 1 during the course of the mixing opera-

tion, S;2 = expected standard deviation of the nanocomposites (S;> > 0 with
subscript ¢ denoting random values composites),

S - product of standard deviation of individual constituents of the nanocomposite,
with subscript i denoting initial value of mixing.
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Amount of unmixed nanocomposites

The amount of unmixed nanocomposites depends on the mixing rate of the machine,
and this was computed from the expression in Eq. (4). It can be seen from the expression
that the mixing index is related to the rate of mixing at any time of machine operation.

oM
- = K1 -M) 4)
where:
M —isthe mixing index
K — slope of the graph of M versus T, (time interval of measurement)

Integrating Eq. (4) fromt = 0 to t = t and varying M from 0 to M;, the resulting expres-
sion in Eq. (5) was used to determine the amount of unmixed nanocomposites (1—M) after
60 min resident time.

1-M)=e™ ()

Modeling and optimization of mixer performance

Historical Data Surface Response Design (HDSRD) was used to optimize the mixer
performance subject to the levels of the process variables, which were the diameter of the
holes in the breaker plate (x; = 5-7 mm) and glycerol (x, = 45-55%). The responses were
the output/1000 g, amount of unmixed nanocomposites and mixing index of the machine.
Individual experiments, carried out in random order, were represented in Table 1. The
quadratic polynomial regression model, shown in Eq. (6), was assumed for predicting the
response variable (Y) (Khuri and Cornell 1987).

— 2 2
Y =a, +a;x; +a,x, + ay,%1%, + a11%,° + ay0Xy (6)

where:
Y — is the value of predicted performance of the screw mixer,
x,; and x, — are the values of diameter of holes in breaker plate and glycerol concentra-
tion, respectively,

O — s the constant value,
os and o, —are linear coefficients,
a1, — isthe interaction coefficient,
ay; and o, — are quadratic coefficients.
Table 1.
Mixer performance versus variables in HDSRD
Process Variables Mixer Performance
Treatment® Glycerol Breaker Plate Output per 1000 g Mixing Unmixed
(%) Diameter (mm) (9/9) Index Nanocomposites
55 5 0.558 0.607 0.393
50 5 0.502 0.547 0.453
55 7 0.446 0.486 0.514
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Process Variables Mixer Performance
Treatment® ~ Glycerol Breaker Plate  Output per 1000 g Mixing Unmixed
(%) Diameter (mm) (9/9) Index Nanocomposites
4 50 7 0.402 0.438 0.562
5 45 7 0.453 0.493 0.507
6 45 5 0.362 0.3%4 0.606

“does not correspond to the processing order

Results and Discussion

Effect of glycerol and holes diameter on machine output

Effects of glycerol concentration and diameter of holes in breaker plates on the output/
1000 g of the screw mixer are shown in Figure 3. The output of the nanocomposites was
higher for 5 mm diameter of the holes in the breaker plate, and lower for its 7 mm counter-
part. This is probably because of the pressure increase accompanying greater force at a
lower diameter of the holes in the breaker plate. Lindt and Ghosh (1992) studied the fluid
mechanics of the formation of polymer blends and suggested that the degree of mixing
increases with the generation of interfacial area between the individual material compo-
nents and with the residence time. Thus, the shear strain of the mixed composite will play
an important role in the generation of this interfacial area (Pinto and Tadmor, 1970).

Output/1000g

6.5

//51

6
49
Breaker plate g (mm)M Glycerol (%)

5 45

Figure 3. Effect of holes diameter and glycerol concentration on output/1000g (g/g)

Effect of glycerol and holes diameter on the mixing index

Effects of glycerol concentration and diameter of holes in the breaker plate on the mix-
ing index are shown in Figure 4. It can be observed that the mixing index increased with the
corresponding increase in glycerol concentration from 45-55% and diameter of holes in the
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breaker plate from 5-7 mm. The mixing index was higher for 5 mm than in case of 7 mm
diameter of the holes in the breaker plate irrespective of the concentration of glycerol in the
nanocomposites. The difference in the mixing index may be attributed to the difference in
the force per the unit cross sectional area for the holes acting at the breaker plate. In a relat-
ed investigation, Fadeyibi et al. (2016b) reported that the mixing index of starch composites
increases with concentrations of zinc nanoparticles and diameter of holes in the breaker
plate. Research results of Connelly and Kokini (2007) and Sau and Jana (2004) further
explained that the performance of a screw mixer increases with the increase in the area of
cross section of holes in the breaker plate. Thus, the chance of obtaining the maximum
mixing index for nanocomposites containing 45% of glycerol was 0.35 and this progres-
sively increases with the increase in the diameter of holes in the breaker plate. However, the
chance of obtaining a maximum mixing index for 55% glycerol concentration in the nano-
composites was 0.62 and this progressively decreases with the increase in diameter of holes
in the breaker plate. In between these two extreme ends lies the probability of obtaining a
higher mixing index for the nanocomposites with 50% glycerol concentration. Thus, this
may mean that the mixer operating at the 5 mm diameter of the holes in the breaker plate
has higher mixing index than the one operating at the 7 mm diameter of the hole.

Mixing index

55

Breaker plate g (mm) 5% Glycerol (%)

Figure 4. Effect of holes diameter and glycerol concentration on mixing index

Effect of glycerol and holes diameter on amount of unmixed nanocomposites

Effects of glycerol concentration and the diameter of holes in the breaker plate on the
amount of unmixed products in the screw mixer are shown in Figure 5. The amount of
unmixed nanocomposites depends on an experimental factor with respect to the mixing rate
constant and resident time of mixer operation. The larger the value of the mixing rate effi-
ciency, the lower the amount of the unmixed composite in the barrel of the screw mixer.
Ultimately, this determines whether or not to increase the pressure for further mixing by
turning the die head to accommodate a smaller diameter of holes in the breaker plate. It can
be seen that the amount of unmixed nanocomposites decrease with increase in the concen-
tration of glycerol and the diameter of holes in the breaker plate (Fig. 5). The highest

21



A. Fadeyibi, Z.D. Osunde, M.G. Yisa

amount of unmixed nanocomposites occurs when the die head was turned to accommodate
5 mm diameter of holes in the breaker plate applied for nanocomposites containing 55%
glycerol concentration. It is important to note that the mixing rate, which determines the
amount of unmixed nanocomposites, in the metering region was higher than those in other
regions for the screw mixer probably because of higher shear rates associated with trans-
porting nanocomposites (Fadeyibi et al., 2014). Hence, the difference in the amount of
unmixed nanocomposites for nanocomposites containing 45%, 50% and 55% glycerol
concentration.

Unmixed composites (g/g)
o
&

Breaker plate g (mm) °° Glycerol (%)

Figure 5. Effect of breaker plate diameter and glycerol concentration on amount of
unmixed nanocomposites

Optimization of process variables for maximum mixer performance

Optimum combinations of the process variables for higher performance of the screw
mixer in terms of output, mixing index and amount of unmixed nanocomposites are pre-
sented in Figure 6. The results obtained were trained to select the best variable combination
of the diameter of holes in the breaker plate and concentration of glycerol by maximizing
the mixer performance indices. Therefore, combination experimental variables were ran-
domly and simultaneously compared and their corresponding performances were analyzed
collectively (De la Vara and Dominguez, 2002; Fadeyibi et al., 2016b). It can be seen that
the maximum mixer output per 1000 g of the nanocomposites and mixing index lies be-
tween 5 mm diameter of holes in the breaker plate and 55% glycerol concentration with
approximate desirability of 0.6. The high performance of the screw mixer obtained corre-
sponds to the research results of Milan-Carrillo et al. (2012) and Rauwendaal (1986), who
investigated the influence of experimental variables of a screw mixer on the optimum per-
formance. Figure 6 clearly shows that the performance of the screw mixer was optimum for
the nanocomposites sample, with 55% glycerol concentration passing through 5 mm diame-
ter of holes in the breaker plate. Thus, the optimum value can be used in qualifying the
performance of the screw mixer.
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Desirability Output/1000g

65

B: Breaker plate diameter (mm)
o

B: Breaker plate diameter (mm)
Ey

55

as 55 a5 a9 51 55

A: Gly cerol (%) A: Gly cerol (%)

Unmixed composites (g/g) Mixing index

65

B: Breaker plate diameter (mm)
B:Breaker plate diameter (mm)
°

55 55

a5 55 45 49 51 55

A: Glycerol (%) A: Gly cerol (%)

Figure 6. Performance response to optimum process variables

Modelling of mixer performance

Empirical models for predicting the performance of the screw mixer were proposed in
Table 2. The models predict the output, mixing index and amount of unmixed nanocompo-
sites by computing the individual and interactive contributions of glycerol and holes diame-
ter. The contribution of glycerol and diameter of holes in the breaker plate to the overall
acceptability of the models were not significant at p<0.05, as shown in Table 3. Thus, the
model can be adapted for a different type of starch and size of the holes in the breaker plate
as well as for different types of plasticizer.
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Table 2.

Predictors of mixer performance

Performance Indices Model Equation R?> R%dj AP CV (%)
%‘;;‘))”t peri0009 5943 4 0.0704g + 0.4873b — 0.0102gh 0.889 0.725 6.556 8.07
ﬁ'g(’””t ofunmixed 4 187 _ 0.0762g — 0.5276b +0.011gh  0.888 0.721 6.498 7.92

Mixing Index —3.1898 + 0.0763g + 0.528b — 0.011gb 0.889 0.721 6.512 8.11
NC, Nanocomposites; AP, Adequate precision; CV, Coefficient of variation; g, level of glycerol; b, hole diameter

Table 3.

Analysis of variance of mixer performance

Performance Source of variation Sum of Squares df Mean Square F- Value p- Value

Output/ 1000y  Model 0.022 3 7.22x10% 539  0.1605™
A-Glycerol 8.93x10°® 1 8.93x10° 6.66  0.1230™
B- Holes diameter 2.44x10°3 1 2.44x10°  1.82 0.3097"™
AB 0.01 1 0.01 7.69 0.1092"™
Residual 2.68x10° 2 1.34x1073
Cor Total 0.024 5

Unmixed NC Model 0.026 3 8.50x10° 5.3 0.1629™
A-Glycerol 0.011 1 0.011 6.58 0.1242"™
B- Holes diameter 2.89x10°® 1 2.89x10° 1.8 0.3120"™
AB 0.012 1 0.012 7.51 0.1114™
Residual 3.21x10°® 2 1.61x107
Cor Total 0.029 5

Mixing Index ~ Model 0.026 3 8.52x10° 531 0.1625"™
A-Glycerol 0.011 1 0.011 6.61 0.1238"™
B- Holes diameter 2.86x10° 1 2.86x10°  1.78 0.3136"™
AB 0.012 1 0.012 7.54 0.1110™
Residual 3.21x10°® 2 1.61x107
Cor Total 0.029 5

NC = Nanocomposites, ns = not significant at p < 0.05

Conclusion

Effect of glycerol and diameter of holes in the breaker plate on the performance of the
screw mixer for nanocomposites was investigated in this research. The output per 1000 g of
the nanocomposites and the mixing index increased while the amount of unmixed nano-
composites decreased with a higher diameter of holes in the breaker plate (not significant at
p<0.05). The optimum performance of the mixer lies generally between 5 mm diameter of
holes in the breaker plate and 55% glycerol concentration with an approximate desirability
of 0.60. The empirical models developed are fit (R*=0.89, p<0.05); and there were no sig-
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nificant differences between the actual and predicted values of the mixer performance. The
results suggest 5 mm diameter of holes in the breaker plate of the screw mixer for homoge-
nizing nanocomposites with optimum performance.
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WPLYW GLICEROLU I SREDNICY OTWOROW W PLYCIE SITOWEJ
NA WYDAJNOSC MIKSERA SLIMAKOWEGO DO NANOKOMPOZYTOW

Streszczenie. Plyta sitowa mieszalnika $limakowego jest skutecznym narzgdziem mieszalniczym
stosowanym do homogenizacji nanokompozytéw. Prace badawcze podjgto w celu zbadania wptywu
glicerolu i $rednicy otworéw w plycie sitowej na wydajno$¢ mieszalnika nanokompozytow. Probki
nanokompozytéw powstaty przez potaczenie 1000 g skrobi z manioka, 45-55% glicerolu i 2% nano-
czasteczek magnetytu. Zastosowano je do oceny wydajnosci mieszalnika przy $rednicy otwordw
w plycie sitowej wynoszacej 5 i 7 mm. Wptyw glicerolu i $rednicy otworéw w ptycie sitowej na
wskaznik mieszania, ilo$¢ niezmieszanych nanokompozytéw i wynik/ 1000 g oceniono jako wskaznik
wydajnosci dla 1 godziny. Okreslono modele empiryczne w celu przewidzenia wydajnosci mieszalni-
ka w ramach okreslonych kryteriow. Wyniki pokazuja, ze wydajno$¢/1000 g i wskaznik mieszania
zwickszyly si¢ razem ze wzrostem glicerolu i $rednicy otwordw w ptycie sitowej (p< 0.05). Maksy-
malna wydajnos¢/ 1000 g i wskaznik mieszania znajdujg si¢ pomigdzy $rednica otworéw wynoszaca
5 mm a 55% stgzenia glicerolu przy zblizonej pozadanej wartoSci wynoszacej 0.60. Przygotowane
modele empiryczne byly odpowiednie (R°=0.89, p<0.05), nie odnotowano zadnych istotnych réznic
pomiedzy istniejagcymi a przewidywanymi warto§ciami. Wyniki sugerujg zastosowanie otworow
o $rednicy 5 mm do homogenizacji nanokompozytéw i osiagnigcia optymalnej wydajnosci.

Stowa kluczowe: plyta sitowa, wskaznik mieszania, nanokompozyty, mieszalnik §limakowy
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