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Abstract

Cross-flow microfiltration using ceramic tubular membrane
was applied for treatment of steepwater from corn starch indus-
try. Experiments are conducted according to the faced centered
central composite design at three different transmembrane
pressures (1, 2 and 3 bar) and cross-flow velocities (100, 150
and 200 L/h) with and without the usage of Kenics static mixer.
For examination of the influence of the selected operating con-
ditions at which usage of the static mixer is justified, a response
surface methodology and desirability function approach were
used. Obtained results showed improvement in the average
permeate flux by using Kenics static mixer for 211 % to 269 %
depending on experimental conditions when compared to the
system without the static mixer. As a result of optimization, the
best results considering flux improvement as well as reduction
of specific energy consumption were obtained at low transmem-
brane pressure and lower feed cross-flow rates.

Keywords
optimization, RSM, cross-flow microfiltration, steepwater,
Static mixer, corn starch industry

! Department of Business Informatics and Quantitative Methods,
Faculty of Economics in Subotica, University of Novi Sad,
Segedinski put 9-11, 24000 Subotica, Serbia

2 Department of Carbohydrate Food Engineering,
Faculty of Technology, University of Novi Sad,
bul. cara Lazara 1, 21000 Novi Sad, Serbia

3 Department of Chemical Engineering,
Faculty of Technology, University of Novi Sad,
bul. cara Lazara 1, 21000 Novi Sad, Serbia

“Economics Institute,
kralja Milana 16, 11000 Belgrade, Serbia

* Corresponding author, e-mail: miljanadj@tf.uns.ac.rs

Data-driven Modelling of Microfiltration
Process with Embedded Static Mixer
for Steepwater from Corn Starch

Laslo Seres!, Ljubica Doki¢?, Bojana Ikoni¢?®, Dragana Soronja-
Simovié¢?, Miljana Djordjevi¢*, Zana Saranovi¢*, Nikola Maravic?

Received 12 December 2016; accepted after revision 25 February 2017

1 Introduction

For years now, industries are familiar with the water recir-
culation concept which has been used in many factories. With
increasing awareness of environmental issues that wastewaters
can produce and desire to save fresh water resources, water
recirculation became a growing demand, but before recircula-
tion wastewaters must be treated first. The key goal of waste-
water treatment is to archive reduction of the pollution to the
required level for water recirculation within the factory or
discharging into the recipient without any consequence [1]. In
order to accomplish this aim, many techniques for wastewater
treatment have been applied and usage of membrane separation
processes is becoming the most common solution.

As proposed in the Best Available Techniques-BAT (issued by
the Commission of the European Union) [2], membrane separa-
tion processes more often become applied in wastewater treat-
ment from many industries especially because of the require-
ment for higher water quality. In cross-flow microfiltration
fractionation of the feed stream is obtained by passing through
the porous membrane which can be made from different mate-
rials. Usage of the ceramic membranes is a reasonable choice
because they are sustainable in extremely aggressive conditions
and have good thermal stability, mechanical strength, chemical
resistance, long lifetime and defouling properties [3]. The main
problems during these filtration processes are concentration
polarisation and fouling of the membrane due to the forming of
a layer on membrane surface. Layer represents secondary bar-
rier to the flow and is caused by adsorption and deposition of
the particles originating from wastewater on the membrane. [4].
Membrane fouling represents an inevitable problem, but it could
be adjusted to a reasonable extent using different techniques [5],
and one is fluid instability produced by turbulence promoters.
For mass transfer improvement, an increase in cross-flow veloc-
ity in the vicinity of membrane surface provided by turbulence
seems to be the simplest way [6]. There are two main groups of
turbulence promoters, dynamic and static turbulence promoters.
The advantage over dynamic promoters is given to static ones
because of simple shape and installation, usage in a wide flow and
viscosity ranges, resistance to depletion and lower operational
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and maintenance costs. Static mixer represents immobile inert
elements which can be inserted into a tube or pipe and enable
fluid mixing by producing transverse flows. Usage of the static
mixers is widespread, including simple blending and multiphase
mixing problems in both the laminar and turbulent flow regimes,
because of their adaptability. Nowadays there are a large number
of static mixer designs that are more or less complex. More than
30 models are commercially available followed by about 2000
US patents that have been granted. Best known among static
mixers are Kenics, HEV, KMS and KMX mixers by Chemineer
Inc., Dayton, OH and the SMX and SMX plus mixers by Sulzer
Chemtech, Switzerland [7]. A static mixer, as one of the static
turbulence promoters, consists of serially connected fixed ele-
ments, accommodated in a tube which provides fluid mixing
when is placed inside the tubular membrane [8]. In this work,
a Kenics static mixer is utilized to study permeate flux changes
during cross-flow microfiltration of steepwater from corn starch
industry. Many studies reported usage of the Kenics static mixers
and its positive influence on the permeate flux increase during
microfiltration of different feed suspensions (yeast, skim milk,
wheat starch) as well as in wastewater treatment because of the
unique flow patterns [8-11].

For several years, membrane separation processes have found
their use in the starch production industry. This lead to a decrease
in energy and wastewater disposal costs and increase in product
quality regardless of the raw materials used [12]. Corn starch
production usually at the beginning includes counter-current
treatment of the kernels with a mixture of water and sulphur diox-
ide (0.10 %) in an appropriate rate at temperature 48 °C-52 °C,
within 30 to 40 hours [13]. This treatment known as steeping,
later facilities separation of the germ and other components
from the rest of the kernel which is further used in processing.
The remaining water is known as steepwater which after treat-
ment contains 6 %-6.5 % of dry matter basis originating from
the kernels and is rich in soluble sugars, proteins and peptides,
vitamins and minerals. For starch factory that processes 165 t of
kernels per day (kernel moisture 14 %) amount of water used for
steeping is 1300 L/t and the amount of steepwater that remains
is 790 L/t which is more than a half of water used. Steepwater
as a valuable stream, after concentration to 35 %-50 % dry mat-
ter and drying, can be further used as feedstock. However con-
centration costs are large and usually this water is discharged as
wastewater. In this regard, membrane separation processes like
microfiltration could be used instead of concentration which will
reduce energy costs and provide protection of the environment
from organic pollutants. Usage of microfiltration has already
been investigated in starch production by several authors for iso-
lation of starch [14] and starch nanocrystals [15], clarification of
corn syrup [16] as well as in wastewater treatment [17].

As a well-established method for physical processes,
response surface methodology (RSM) is used extensively in
order to reduce the number of experiments, improve possibilities

for statistical interpretation and estimate the impact of several
affecting factors as well as their complex interactions [18].
When dealing with processes that have multi-responses, desir-
ability function has shown as a method that is one of the most
widely used for the optimization [19]. All mentioned indicates
that for membrane separation processes as physical processes
with multiple output parameters that are of interest, coupled
response surface methodology and desirability function are
fully applicable in order to obtain good optimization of the
process. In this work, an attempt has been made to optimize
the cross-flow microfiltration process using response surface
methodology together with the desirability function approach.
The aim of this research is to evaluate cross-flow microfiltration
treatment of the steepwater from corn starch industry under the
different range of transmembrane pressure (TMP) and cross-
flow velocities (Q) as well as permeate flux changes with and
without embedded Kenics static mixer.

2 Materials and methods

Treated steepwater was obtained by corn starch processing
plant “Jabuka” (Pancevo, Serbia) where the starch is produced
by wet milling. The experiments were carried out using single
channel ceramic membrane with pore sizes 100 nm from GEA
manufacturer (Germany). The length of the membrane was 250
mm and useful membrane surface was 5 x 10 m? Inside the
membrane tube, along the entire membrane length, stainless
steel Kenics static mixer as a static turbulence promoter was set.
Used Kenics static mixer had 30 helical mixing elements (diam-
eter of 5 mm) made from twisted (180°) thin flat strips. Every of
30 helical elements in the series was twisted for 90° around its
own axis compared to the neighbouring element [8].

Cross-flow microfiltration of steepwater is conducted in
laboratory equipment (Fig. 1) on a transmembrane pressure in
the range 1-3 bar and cross-flow velocities in the range of 100-
200 L/h at ambient temperature without static mixer (NSM)
and with the static mixer (SM) inserted. Approximately 2.5 L
of starting feed stream for each batch cross-flow microfiltration
is prompted through the membrane module and system from the
feed tank with a centrifugal pump at desired pressure and flow.

During experiments, the retentate was recirculated to the
feed tank and permeate was collected in graduated vessel. Time
needed for collection of every 10 mL of permeate was recorded.
Every batch cross-flow microfiltration lasted about three hours
and permeate flux was calculated from the measured times.
After each experiment, the membrane was cleaned first with
distilled water without recirculation (5 min) and with recircu-
lation for 15 min in order to remove residual matters from feed
stream and then with 0.5 % Ultrasil 11 solution with recircu-
lation for two hours. Before every experiment, examination of
the distilled water flux was carried out in order to evaluate the
membrane cleaning procedure effectiveness and bring the flux
of distilled water to the closest value for a clean membrane.
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Table 1 Central composite design (in coded level of variables) and responses with corresponding desirability functions

Exp. TMP (bar) Q (L/h) T (Limh) I, (Lmh) FL%) ER (%) Desir.ability Desir?bility
number X, (x,) X, (x,) function*® function**
1 L(-1) 100 (-1) 28 60 114.29 6.67 0.597 0.658

2 2(0) 100 (-1) 21 44.06 109.81 4.68 0.078 0.136

3 3(1) 100 (-1) 20.84 48.87 134.50 14.71 0.435 0.536

4 1(-1) 150 (0) 30 65.22 117.40 -15.00 0.639 0.614

5 2(0) 150 (0) 26.97 52.26 93.77 -29.02 0.237 0.244

6 3(1) 150 (0) 24.93 55.78 123.75 -11.73 0.348 0.375

7 1(-1) 200 (1) 29.46 78.43 166.23 -12.69 0.665 0.612

8 2(0) 200 (1) 24.83 51.5 107.41 -44.64 0.120 0.100

9 3(1) 200 (1) 2227 48.52 117.87 -37.70 0.141 0.136

10 2(0) 150 (0) 25.47 51.41 101.84 -30.02 0.237 0.244

11 2(0) 150 (0) 25.98 52.04 100.31 -29.87 0.237 0.244

TMP-transmembrane pressure, Q-steepwater cross-flow rate, J ¢,

-average permeate flux without static mixer, Jy, -average permeate flux with

static mixer, Fl-permeate flux improvement, ER-reduction of specific energy consumption. Desirability function*-the same significance of J,,

and ER, Desirability function**-the highest significance of ER compared to J,,.

feed tank

% valve

rotameter

pressure
gauge

-

pressure
gauge

permeate
collecting

pump

Fig. 1 Schematic representation of experimental set-up for cross-flow

microfiltration

2.1 Design of Experiment and Statistical Analysis

The whole experiment was designed according to central
composite design of face-centered type with independent vari-
ables, transmembrane pressure and cross-flow velocity, on
three levels (1, 2, 3 bar for TMP and 100, 150 and 200 L/h for
Q) so the total number of experiments was eleven including
two repetitions of central point. Permeate flux was calculated
according to the formula:

J=V/Axt [L/m’h] (1)

where J is permeate flux (L/m?h), V is collected perme-
ate volume (L), 4 is membrane surface (m?) and 7 is time of
microfiltration.

For evaluation and quantifying the influence of the variables
obtained after experiments, common second degree polyno-
mial model was used:

Y=b+YbX +DbX;+> D bXX, )

where Y represents response, X, represents levels of input fac-
tors, b, is intercept, b, represents linear coefficient, b, quadratic
coefficient and bij is the coefficient of interaction. These regres-
sion coefficients can give information about the influence of
the individual factors with consideration of the effects that oc-
cur among them. Responses that were fitted with the presented
polynomial model were: I -permeate flux without static
mixer; J , -permeate flux with a static mixer; FI-permeate flux
improvement; ER-reduction of specific energy consumption
and are given in Table 1.

The permeate flux during microfiltration influenced by
Kenics static mixer was determined as permeate flux improve-
ment (FI) which was defined as the relative increase in per-
meate flux during usage of static mixer and was calculated by
formula [8]:

FI = (JW —JNSM/JNSM)xlOO [%] 3)

where J, represents permeate flux with a static mixer and J, g,
is permeate flux without the static mixer.

The efficiency of the Kenics static mixer as a turbulence
promoter was determined by reduction of specific energy con-
sumption (ER) which is one of the leading parameter of impor-
tance from the economic viewpoint. Specific energy consump-
tion was defined as the power dissipated per unit volume of
permeates and can be calculated as follows [8]:

E=P/J x4 [kWh/m’] )

where E is the specific energy consumption (kWh/m?), P is the
hydraulic dissipated power (W), J, the permeate flux (L/m?h)
and 4 membrane surface (m?).

By multiplication of feed flow rate and pressure drop along
the module the hydraulic dissipated power can be calculated [10]:
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where P is the hydraulic dissipated power (W), O is feed flow
rate (L/h) and AP pressure drop (bar).

Reduction of specific energy consumption can be calculated
as follows [8]:

ER=(E,, -E/E,,)x100 [%]

(6)

NSM

where ER is the reduction of specific energy consumption (%),
E,,, and Eg are specific energy consumptions without the
static mixer and with the static mixer (kWh/m?) respectively.

The suitability of proposed model was evaluated by the coef-
ficient of determination (R?) and model p-value. Determination
of significance for each factor and their interactions is con-
ducted by comparing the p-values. Once an adjusted response
to the polynomial model has been obtained, the best conditions
of microfiltration process were defined using desirability func-
tion. For graphical representation of the results Statistica®
software was used while desirability function was calculated
using Design Expert® software.

3 Results and discussion

Obtained results of the statistical analysis according to the
central composite experimental plan are shown in Table 2 and
results of the ANOVA analysis are reported in Table 3 for mod-
elled responses. Relatively high values of R? obtained for all
responses indicate a good fit of experimental data with Eq. (1).
The significance of each coefficient was determined through
p-values with whose increase in magnitude the significance
of the corresponding coefficient is decreasing. All polynomial
models tested for the selected responses were significant at
0.05 significance level (p-value: 0.05, Table 3).

3.1 Permeate Flux without Static Mixer (NSM)
Obtained results of fitting the experimental values of the aver-
age permeate flux with the second order polynomial without the
application of the static mixer are shown in Table 2. The suitabil-
ity of model fit is checked by the determination coefficient (R?)
that is found to be 0.9483 (Table 3). This value of R? indicates
that the presented model does not cover about 5 % of the vari-
ations. The most important linear factor influencing the average
permeate flux in the system without the static mixer is the steep-
water cross-flow rate (0.0065) as well as among the quadratic
factors (0.0073). Likewise, transmembrane pressure factors, both
linear and quadratic, are statistically significant while the mutual
interaction in the system without the static mixer between trans-
membrane pressure and steepwater cross-flow rate is not signifi-
cant at 0.05 significance level. The effects of the transmembrane
pressure and steepwater cross-flow rate in the system without
static mixer on permeate flux are shown in Fig. 2. According to
the figure, an initial increase in permeate flux value is recorded
at both, low and high transmembrane pressures with increasing

cross-flow rate. After achieving the maximal value, permeate
flux slightly decreases with additional cross-flow rate increase.
This slight decrease in the permeate flux may be explained as a
consequence of precipitation of smaller diameter particles from
the feed stream during time at higher transmembrane pressure
into the membrane pores. This way membrane pores are blocked
by the small particles and together with the accumulation of the
suspension particles on membrane surface have an influence on
the average permeate flux e.g. its reduction [20]. Particles pre-
cipitation on membrane surface during microfiltration process
arises from the fact that a combination of several forces is acting
on particles from the feed stream. In the vicinity of the mem-
brane, drag force of the filtrate flow and lift force have an influ-
ence on the suspension particles and cause their deposition on
the membrane surface. After deposition, particles are affected by
the adhesive Van der Waals forces that are acting on them [21].
As a result of the acting forces, smaller diameter particles are
deposited which leads to the formation of less porous filtration
cake. Compact filter cake occurs at higher transmembrane pres-
sure and leads to flux reduction which is a negative effect of
higher transmembrane pressure [22, 23].

At higher suspension flow rates, between 150 L/h and
175 L/h, and increasing transmembrane pressure, the permeate
flux demonstrate decreasing values (Fig. 2).

(uw/1) wsnp

Fig. 2 Effects of transmembrane pressure and cross-flow rate on average

permeate flux without static mixer; J_, -average permeate flux without static

NSM
mixer; TMP-transmembrane pressure; Q-steepwater cross-flow rate

With further flow rate increase, permeate flux slightly
decreases. Possible explanation for this decrease is that transmem-
brane pressure increase leads to clogging of the membrane pores
so the positive effect of increasing the flow cannot be expressed.
The positive impact of higher feed flow rates is reflected in a
higher tangential shear stress near the membrane surface and the
reduction of the thickness of the filter cake because of particles
instability on the membrane surface. Average permeate flux is
increasing as a consequence of this phenomenon.
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Table 2 Regression equation coefficients for responses

Effects J o (L/m*h) I, (L/m?h) FI (%) ER (%)
Estimate  p-value Estimate  p-value Estimate  p-value Estimate  p-value

Intercept

b, 25.95 0.1235 51.36 0.0747 98.08 0.0137* -28.89 0.0117*

Linear

b, -3.24 0.0172* -8.41 0.0127* -3.63 0.1093 -2.28 0.0558

b, 1.12 0.0065* 4.25 0.0524 5.48 0.4013 -20.18 0.0436*

Quadratic

b, 1.80 0.0358%* 9.95 0.0034* 23.34 0.0054* 14.41 0.0049*

b, -2.75 0.0073 277 0.2078 11.38 0.0712 7.79 0.0489*

Interaction

b -7.5E-03  0.9887 -4.70 0.0273* -17.14 0.0075%* -8.26 0.0182*

12

*Statistically significant results (p < 0.05)

Jsy-@verage permeate flux without static mixer; Jg -average permeate flux with static mixer; Fl-permeate flux improvement;

NSM

ER-reduction of specific energy consumption; I-transmembrane pressure; 2-steepwater cross-flow rate

Table 3 Analysis of variance (ANOVA) of the modeled responses

Response Source
Residual Model
DF SS MS DF SS MS F-value p-value R? adjR?
Jyo (L/m’h) 5 5.05 1.01 5 92.64 18.53 18.34 0.0031 0.9483 0.8966
J g, (L/m?h) 5 46.36 9.27 5 827.45 174.49 18.82 0.0029 0.9495 0.8991
FI (%) 5 314.40 62.88 5 3660.94 732.19 11.64 0.0088 0.9209 0.8418
ER (%) 5 114.74 22.95 5 3643.00 728.60 31.75 0.0009 0.9695 0.9389

I sy-average permeate flux without static mixer; J, -average permeate flux with static mixer; FI-permeate flux improvement; ER-reduction of specific

energy consumption; DF-degree of freedom; SS-sum of squares; MS-mean squares

3.2 Permeate Flux with Static Mixer (SM)

Results of fitting the experimental data of the average per-
meate flux with the second order polynomial in the system
with the static mixer (SM) are shown in Table 2. In this system,
when using a static mixer, the coefficient of determination was
found to be 0.9495 (Table 3) and is slightly higher than that
reported for the system without the static mixer, indicating that
less than 6 % of the variations could not be covered by the pre-
sented model. Among the linear factors, significant impact on
the average permeate flux in the system with the static mixer
has transmembrane pressure likewise in the results obtained
for system without the static mixer. The most significant qua-
dratic factor is the transmembrane pressure (0.0034) and inter-
action in the system with the static mixer between transmem-
brane pressure and steepwater cross-flow rate is significant at
0.05 significance level unlike, the system without the static
mixer (Table 2). The effects of the transmembrane pressure
and steepwater cross-flow rate in the system with static mixer
on permeate flux are shown in Fig. 3. Permeate flux increase
in this system is noticeable at lower transmembrane pressures
at all cross-flow rates. Influence of transmembrane pressure on
permeate flux is more pronounced at higher flow rates because

of the thinner cake formation at this rates. The presence of the
static mixer has positive effects on the average permeate flux
improvement.

It is noted that permeate flux improves for 269 % during
microfiltration with inserted static mixer in comparison to the
flux obtained in the microfiltration process without the static
mixer (Table 1). With insertion of static mixer or any other tur-
bulence promoter into ceramic membrane tube changes occur
in the way of fluid flow. Under the same process conditions
for systems with and without static mixer, better improvement
of the permeate flux is noticed in system with the presence of
static mixer because of his influence on the fluid stream move-
ment near the surface of the membrane, so that the flow rate
along the membrane increased relative to the speed of suspen-
sion flow in the system [8].

The most evident increase in permeate flux is at lower trans-
membrane pressures with the increase in the suspension flow
rate, although the same trend is observed at higher transmem-
brane pressures but is not that expressed. The assumption is that
due to the intense mixing and creation of the secondary flows,
presence of static mixer reduces the possibility of penetration
and clogging of the membrane pores. Similar observations
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Fig. 3 Effects of transmembrane pressure and cross-flow rate on average

permeate flux with static mixer; J

; Jy-average permeate flux with static mixer;

TMP-transmembrane pressure; Q-steepwater cross-flow rate

when using the Kenics static mixer were recorded in studies of
Joki¢ et al. [8] and Ikoni¢ et al. [10].

3.3 Average Permeate Flux Improvement

With obtained determination coefficient that for the response
of improvement of permeation flux was found to be 0.9209
(Table 3) the adequacy of model fit is checked and result indi-
cates that 8 % of the variations could not be covered by the
presented model. According to the values obtained for polyno-
mial coefficients, among the linear factors on the permeate flux
improvement neither transmembrane pressure nor steepwater
cross-flow rate had significant influence. The transmembrane
pressure is the most significant quadratic factor (0.0054) while
the interaction between the transmembrane pressure and steep-
water cross-flow rate had an influence on the average permeate
flux improvement which was significant at the 0.05 signifi-
cance level (Table 2).

The influence of transmembrane pressure and cross-flow
rate on the average permeate flux improvement is shown on
Fig. 4. Observing Fig. 4, it can be seen that at low values of
transmembrane pressure with increasing steepwater cross-flow
rate the average permeate flux increases rapidly in the presence
of static mixer. The maximum increase in the average permeate
flux appears at the transmembrane pressure of 1 bar and max-
imal steepwater cross-flow rate, probably because there has
been no clogging of pores at the beginning of the microfiltra-
tion in the system with embedded static mixer. With the usage
of the static mixer certain increase in the average permeate flux
values is achieved at low steepwater cross-flow rates.

3.4 Reduction of Specific Energy Consumption
Specific energy consumption as a function of pressure drop

along the membrane tube, average permeate flux achieved for

particular experimental conditions and membrane surface area

Fig. 4 Effects of transmembrane pressure and cross-flow rate on average
permeate flux improvement; Fl-permeate flux improvement; TMP-
transmembrane pressure; Q-steepwater cross-flow rate

is one of the most important parameters from the economic
standpoint. Insertion of the static mixer into the membrane
tube inevitably leads to certain changes in pressure drop and
average permeate flux. First change occurs in pressure drop
along the membrane which is rising because of the increased
resistance to feed flow. Second change occurs in the perme-
ate flux which is increasing due to the changes in fluid flow
through the membrane [8]. As far from the economic stand-
point, the goal is to reach the highest value of the reduction of
specific energy consumption what would justify the use of the
static mixer. Achievement of high values of reduction of spe-
cific energy consumption is possible in cases when an increase
in the permeate flux is high enough to compensate the increase
in pressure drop along the membrane tube [10]. The goodness
of model fit was checked by the determination coefficient that
for the response of reduction of specific energy consumption
was found to be 0.967 (Table 3) which indicates that 3.3 % of
the variations could not be covered by the presented model.
As for the significance of the polynomial coefficient, approx-
imate values are obtained for both linear factors but one with
the significant influence on the reduction of specific energy
consumption was steepwater cross-flow rate (Table 2). Both
quadratic factors had effect on the reduction of specific energy
consumption, but more pronounced influence had transmem-
brane pressure (0.0049), also the mutual interaction between
transmembrane pressure and steepwater cross-flow rate was
significant at 0.05 significance level (Table 3). Fig. 5 shows
the effects of steepwater cross-flow rate and transmembrane
pressure on the reduction of specific energy consumption.
The increase in feed flow rates resulted in a decrease of the
reduction of specific energy consumption at values of trans-
membrane pressure 2 and 3 bar. With further decrease in trans-
membrane pressure reduction of specific energy consumption
increases at all values of feed cross-flow rate. The maximum

Data-driven Modelling of Steepwater Microfiltration Process

2018 62 1 119



Table 4 Results of microfiltration process optimization

Factor significance

Overall Desirability

TMP (bar) Q (L/h) Jo (L/m?h) ER (%) .
Jou ER function
3 3 1 200 75.9096 -16.3287 0.665
3 3 1 138.49 67.5206 -9.04353 0.640
3 3 1 139.25 67.6759 -9.27837 0.640
3 3 1 140.00 67.8269 -9.50495 0.640
3 5 1 106.46 59.8377 4.08641 0.660
3 5 1 106.03 59.7183 4.30769 0.660
3 5 1 200.00 75.9096 -16.3287 0.612
3 5 1 157.50 71.0075 -13.8135 0.606

TMP-transmembrane pressure; Q-steepwater cross-flow rate; J

specific energy consumption

positive value of the reduction of specific energy consumption
is achieved at the minimum cross-flow rate and value of trans-
membrane pressure close to maximal.

3.5 Optimization of the Microfiltration Process Using
Desirability Function Approach

When many factors and interactions are affecting the
response variables, response surface methodology (RSM) is an
effective tool for optimizing experimental processes. The use
of RSM has been focused in most of the works on the case
where there is only one response of interest.

(%) 43

Fig. 5 Effects of transmembrane pressure and cross-flow rate on specific
energy consumption; ER-reduction of specific energy consumption;
TMP-transmembrane pressure; Q-steepwater cross-flow rate

There are cases with several response variables of interest
or the relationship between the response variables and design
variables is too complex to be efficiently estimated using tra-
ditional surface fitting approaches [24]. Transformation of a
multiple response problem into a single response problem by
means of mathematical transformations represents the basic
idea of the desirability function approach [25] which is used

w-average permeate flux with static mixer; ER-reduction of

for description of simultaneous optimum conditions for all
significant responses [26]. The concept of this function is that
the quality of a product or process that has many responses is
completely unacceptable if one of them is outside of a “desir-
able” limit. Desirability always takes values in the range of
0 to 1, where 0 is an undesirable response, and 1 represents
an ideal response. For more or less desirable responses desir-
ability function takes intermediate values [27]. Each obtained
response has an individual desirability value ranging from 0
to 1. Computed geometric mean of the individual desirability
functions represents the overall desirability of the process [28].
In this work for optimization of microfiltration of steepwater
from corn starch industry selected responses were average per-
meate flux in system with a static mixer (J,,) and reduction
of specific energy consumption (ER). The optimization objec-
tive was to select the transmembrane pressure and steepwater
cross-flow rate at which selected responses will have a maxi-
mal value of individual desirability functions what will give a
greater value of overall desirability. The optimal values of the
transmembrane pressure and cross-flow rate depending on the
factors of significance of individual responses as well as the
value of optimized responses are presented in Table 4.

The calculations were performed with Design Expert® soft-
ware. The values of transmembrane pressure and steepwater cross-
flow rate were set in the experimental range. At the same level
of significance of the observed responses, optimal conditions for
performing the process of microfiltration are at feed cross-flow
rate 200 L/h and transmembrane pressure 1 bar, but resulted in a
negative value of reduction of specific energy consumption which
does not justify the use of Kenics static mixer. With increased
factor of significance for reduction of specific energy consump-
tion positive value of ER is achieved and optimal values are low
steepwater cross-flow rate (106.03 and 106.46 L/h) and trans-
membrane pressure of 1 bar. Comparing individual desirability
values from the Table 1 with the results from the Table 4 it can be
seen that the found optimal solution has a higher global desirabil-
ity value than initial points reported in Table 1.
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4 Conclusions

Improvement in microfiltration process of steepwater from
corn starch industry with embedded Kenics static mixer was
achieved at lower cross-flow rates and transmembrane pres-
sures. When compared to the system without Kenics static
mixer the average permeate flux improved for 211 % to 269 %
depending on experimental conditions. Reduction of specific
energy consumption decreases with the increase of cross-flow
rate because the permeate flux is not high enough to compen-
sate the increase in pressure drop along the membrane tube.
For mathematical representation of the process response sur-
face methodology was applied and confirmed to be adequate
modelling tool. Desirability function approach was used for
determination of the optimal conditions for microfiltration.
At steepwater cross-flow rate 107.17 L/h and transmembrane
pressure 1 bar positive value of reduction of specific energy
consumption was obtained which justifies the use of Kenics
static mixer as a turbulence promoter. The proposed microfil-
tration process together with the obtained optimized parame-
ters has potential use in the industries which are dealing with
wastewater treatment as well as in other industries that are
working with similar streams.
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