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A pseudo-homogeneous model of methyl-tert-butyl-ether (MTBE) synthesis in a multi-tubular packed-bed
reactor has been developed using an Aspen Custom Modeler (ACM) for selecting optimum operating strategies,
for the maximization and enhancement of MTBE production, and isobutylene consumption, respectively. The
model accounts for mass, energy and momentum balances; and the effectiveness factor is evaluated in a one-
dimensional pseudo-homogeneous model. The kinetic investigation contains kinetic rate expressions as given
by the effectiveness factor for accounting the resistance of pellets in terms of mass and heat transfer. An
activity coefficient can be used in order to systematically obtain a new steady-state solution. The model used
literature-based correlations for the estimation of heat transfer coefficients. The value of the coefficient for gas-
coolant heat transfer can be adjusted by using a tuning coefficient in order to enrich the process data.
Reasonable agreement was found between model predictions and data under similar conditions. The studies
concerning model sensitivity compute the optimum temperature, pressure, feed flow rate, methanol/isobutylene
ratio, heat removal rate, etc. of the reactor and suggest optimum operating conditions of the reactor.

Keywords: methyl-tert-butyl-ether (MTBE) synthesis, lead reactor, multi-tubular packed-bed,

Aspen Custom Modeler (ACM), isobutylene

1. Introduction

Methyl-tert-butyl-ether (MTBE) is of importance
among petrochemicals due to its physicochemical
properties and as an additive in gasoline. It contributes
to the gradual elimination of lead-based additives,
increasing the octane number (as an octane booster) and
serves as a volume extender [1]. It is formed by the
etherification reaction of an alcohol with a tertiary
olefin. Ethers are preferable over alcohols due to their
lower sensitivity values, i.e. the difference between the
RON (Research Octane Number) and MON (Motor
Octane Number) [2]. Today, standard (Huls AG) and
Ethermax are the known processes commercialized by
Snamprogetti, CDTech, Universal Oil Products (UOP),
Axens, Fortum, Arco, Phillips, BP-Intevep, Sinopec,
Sumitomo, etc. These are similar processes to each
other. In this study a Snamprogetti-lead reactor is
modelled to maximize its productivity.

2. Experimental Conditions Considered

2.1. Reaction Chemistry

The following five reactions (£gs.(1-5)) are involved in
MTBE synthesis when isobutylene reacts with methanol

*Correspondence: zeeshan@sabic.com

(MeOH). MTBE synthesis is an exothermic liquid-
phase reversible reaction catalysed by a cationic ion-
exchange resin (sulphonated macroporous polystyrene).
For each mole of isobutylene converted, ~37.7 kJ of
heat is released and the thermodynamic equilibrium
determines the extent of conversion [1-2].

MTBE: CH;0H + (CH3),C=CH, <> (CH;);COCH; (1)

However, undesirable side reactions may take place
such as the dimerization of isobutylene to diisobutenes
(DIB), 2.,4,4-trimethyl-1-pentene (TMP-1) and 2,4,4-
trimethyl-2-pentene (TMP-2); and the formation of
methyl sec-butyl ether (MSBE), dimethyl ether (DME)
and tert-butyl alcohol (TBA). The water produced
during the formation of DME may react with
isobutylene to form tert-butyl alcohol (TBA) and its
blending octane number is lower than that of MTBE.
On the other hand, the presence of water reduces the
acidity of the catalyst (reducing activity) and therefore a
higher reaction temperature is required.

DIB: 2 (CH3)2C:CH2 >
(CH3);CH,(CH3)C=CH, + (CH3);C(H)C=C(CH3),(2)

MSBE: CH;0H + (C,H5)CH=CH, <>

CH;CH(OCH;)(CH,CHs) 3)
DME: 2 CH;0H <> CH;0CH; + H,0 @)
TBA:  (CH;),C=CH, + H,0 <> (CH;);COH 5)
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Figure 1. Values of the equilibrium constant K, as a
function of temperature.

2.2. Thermodynamics

Etherification is an exothermic equilibrium reaction
between a primary alcohol and an iso-olefin containing
a double bond on a tertiary carbon atom (such as
isobutene (iBu) under the operating temperature and
pressure. Owing to the non-ideality of liquid mixtures
due to their disparate polarities and equilibria, the
kinetic rate expressions for the synthesis of MTBE are
generally given in terms of component activities.
Equilibrium and rate equations based on activities were
first proposed by Rehfinger et al. [3] and kinetic
(including the effectiveness factor) and equilibrium data
from an isothermal packed-bed reactor using the
catalyst Amberlyst-15 were discussed by Zhang et al.

[4]. The activity-based equilibrium constant is
expressed as:
a 4 x|
Kaz[ MTBE ] _[ MTBE MTBE ] (6)
AiBu’AMeOH YiBu'YMeOH XiBu'XMeOH

eq. eq.
where ameon, digy, and ayrpe are the activities of
methanol, isobutene, and MTBE, respectively, while y
and x are the activity coefficients and mole fractions of
these components, respectively.

The wvalues of the equilibrium constant (K,)
published in the literature vary significantly (Fig./) as a
function of temperature [3-10]. Deviations may stem
from the different bases used for the evaluation of the
activity coefficient as well as from the operating
temperature of the reactor, for example, employing
primary reactors or reactive distillation columns.

2.3. Catalysis and Kinetics

The acidic cation exchange macroporous resin catalysts
used commercially for the synthesis of MTBE are
provided by Bayer, Dow Chemical (Rohm & Haas),
Purolite, Kairui, etc. The resins are prepared by the
suspension of styrene in the presence of an appropriate
cross-linking agent (divinylbenzene (DVB)) for
polymerization functionalized by means of sulphonation

Table 1. Properties of the catalyst Amberlyst-15.

Properties  Specifications
Porosity of Catalyst (¢,) 0.31-0.39
Tortuosity of Catalyst (t) 0.7-1.7
Density of catalyst (kg m™)  ~2000
Physical Shape spherical beads
Ionic Form  hydrogen
Moisture Content (g/g %) ~50
Particle Size (mm) 0.3-1.5
Functional Group RSO;H
Surface Area (m* g')  ~45
Pore Diameter (A) ~250
Acid Sites (eq(H" kg')  4.6-5.2

with sulphuric or chlorosulphonic acid [11]. A reduction
in volume of ~20-30% is observed because of the shift
of the resin from the hydrated form (as it is generally
charged in water) to a more contracted form due to a
much less polar-reacting medium (a
hydrocarbon/methanol mixture). The usability of the
catalyst largely depends upon the process conditions,
namely the type of reactor, e.g. a reactor receiving
thermal support is better than adiabatic and thermal
degradation with breakage of the carbon-sulphur bond
(therefore, temperatures below 130 °C are
recommended) and feed impurities (cations, e.g. Na, Ca,
Fe, Al Cr, Si, etc., strong N-bases like ammonia and
amines, weak N-bases like acetonitrile and propionitrile,
and dienes).

The rate expressions, essential kinetic parameters
and thermodynamic data such as the activation energy,
effectiveness of the catalyst, heat of reaction,
equilibrium constant and so forth have been selected
from the literature [3-14]. The rate of reaction depends
substantially on two parameters: acidity (type and
number of acidic sites) and accessibility (porosity,
content, particle diameter and treating medium). In the
homogeneous model (in the absence of the diffusion
phenomena), the reaction rate can be described in terms
of confined catalyst pores, where the reactant
concentration is in a partition equilibrium with the
corresponding concentrations in the external solution.
The rate-determining step was estimated to be the
surface reaction between protonated adsorbed methanol
and isobutylene [3-13]. This simplifies the rate of
consumption for isobutylene after assuming that polar
methanol molecules are preferentially adsorbed onto the
ion-exchange resin catalyst (7able 1) and the fraction of
unoccupied sites over the catalyst surface was small as
follows [4]:

L a 1 a
_ — g .o RT | _fiBu___~  “MTBE
lipy =4 € (7

2
AMeOH Ka AMeOH

where r, is the rate constant of the reaction, R is the

universal gas constant, Ea is the activation energy of

854 kJ mol' (for Amberlyst-15 this value varies
between 71 and 93 kJ mol” and is influenced by not

Hungarian Journal of Industry and Chemistry



MTBE SYNTHESIS REACTOR MODELLING

Table 2. Specifications of the reactor system.

Specification Units  Value
Reactor Length m ~8
Reactor Diameter m ~3.5
LHSV h' ~2-9
Porosity - ~0.35
Feed Inlet Temperature  °C ~40
i-C4/MeOH Ratio molar ~1.1
Pressure  bar ~10
Recycling Ratio % ~15

only the type of catalyst but also by the composition of
the reaction mixture); and ay= 6.3 X 10" mol h! g'l.

The effective diffusion coefficient and activation
energy of methanol over Amberlyst-15 at 60 °C was
estimated to be 2.3:10° m® s and ~354 kJ mol'l,
respectively [4]. The given value of the effective
diffusion coefficient is slightly lower than the one
Rehfinger and Hoffmann reported (3.5:10° m* s™) [3].
The catalysts Kastel CS 381 and Amberlyst CSP used in
the synthesis of MTBE possess similar rate constants to
Amberlyst-15, whereas Amberlyst XE 307 and Duolite
ES 276 have significantly higher; and Duolite C16P and
Duolite C26 have substantially lower values for their
rate constants [3-15]. Every resin undergoes
deactivation, if sodium ions are exchanged for their
protons. Due to the acidic nature of resins, the activity is
strongly reduced by the presence of basic substances
and/or salts in the reaction mixture. The heat of
reaction, AH°(MTBE), in the liquid phase at 25 °C was
reviewed by Iborra et al. and found to be within the
range of -34 to -40 kJ mol™ [5].

The rate for dimerization of isobutene (DIB
formation) [4, 10] can be calculated as follows:

-6647kJ/mol_(L_ 1 ] 5
R . %iBu (8)

7333
K4 ameon + @ipy

rpig = ko e

where the unit of 7ps is mmol s eq'l, K,q 1s the ratio of
adsorption equilibrium constants, and k&, is the
frequency factor of the kinetic constant.

2.4. Reactor and Process

Generally, the multi-tubular packed-bed reactor is used
exclusively as a front-end for the reactor performing the
synthesis of MTBE, where the catalyst is lodged in the
tubes (~10,000 tubes of diameter ~30 mm, length ~6 m,
€ = 0.4). The cooling water flows in the shell side and
can either flow co- or counter-current. The reactor
column is used solely for finishing and exploits the
principle of catalytic distillation possessing the normal
fractionation trays with reactive trays (where the
catalyst is packed) [2, 16]. Therefore, the maximum
degree of isobutene conversion was achieved and
reactants were separated from the product
simultaneously, as MTBE has a much higher boiling
temperature. Reactor parameters used for the modelling
are given in Table 2. Almost all the commercial

etherification technologies use similar sections with
regard to operation and separation, but are different in
terms of type of reactors, numbers and process schemes
[16-17]. The MTBE plant consists of a multi-tubular
packed-bed reactor, and reactive distillation and
methanol recovery sections. There are two separation
towers after each reactor that recover the C,/methanol
azeotrope from the top and MTBE from the bottom,
followed by the washing tower where water removes the
methanol from the C4, and then a distillation tower to
separate water and methanol.

3. Reactor Modelling

Classical models of multi-tubular packed-bed reactors
(pseudo-homogeneous one-dimensional) have been
extensively discussed in the literature [1, 3-5]. In this
study, a custom model of an MTBE water-cooled multi-
tubular packed-bed reactor was built using an Aspen-
based platform (ACM) with the ultimate objective of
developing a complete process flow-sheet using the
same method as in Refs. [18-19]. Model equations have
been developed based on the following assumptions:

o steady-state operation;

o plug flow with no axial mixing;

eone dimensional as no temperature and
composition gradients exist in a radial direction
(perfect radial mixing);

¢ pseudo-homogeneous conditions for fluid - solid
phase interactions: transport limitations in terms
of catalyst particles are taken into account by
using the concept of an effectiveness factor;

o heat transfer coefficient of the liquid phase to
coolant (constant value along the reactor axis) is
implemented as a sub-model. The heat transfer
coefficient was evaluated under various
changeable process parameters as defined the
coolant inlet temperature, inlet flow rate, inlet
pressure and inlet composition;

o pressure drops according to the Ergun equation
in the model.

3.1. Mass and Energy Balance

The steady-state material balance in the liquid phase
expressed in terms of vectors of the molar flow rates of
the components in z direction is

E:Ar and r=p,-S" -r )
dz

where r is the vector of the rate of production or
consumption per unit volume of a component, S is the
stoichiometric matrix, I is the vector of effective
reaction rates, A is the cross-sectional area of the
reactor, f is a molar flow rate vector of the component,
and p, the bulk density of the catalyst.

The liquid side of the heat balance equation under
steady-state conditions is as follows:

45(1) pp. 1-7 (2017)
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Figure 2. Effectiveness factor for the MTBE synthesis
reaction based on data from Ref. [4].

(Abg)" - Fe|A=he D (T -T,)
d_Tz‘ R kef fi t (10)

dz fT.cp

where Ahy is the vector concerning the heat of reaction,
¢, is the vector concerning the molar specific heat of a
component, 7" and T, are the liquid phase and coolant
absolute temperatures, respectively, /g is the liquid-to-
coolant heat transfer coefficient, and D, is the diameter
of the reactor tube.

The shell side of the heat balance equation under
steady-state conditions is as follows:

a1, _, homD(T-T,)

C

+ (11)

dz FVcool *Peool * Cs,cool
where Fyy 1S the volumetric flow rate of the coolant,
Peool 18 the density of the coolant, and cgcoo 1S the
specific heat capacity of the coolant. In terms of
modelling, the negative sign stands for the counter-
current and the positive sign for the co-current.

The boundary conditions at the inlet of the reactor
in terms of the material and energy balance differential
equations are z = 0, Fi(0) = Fo; , 7(0) = Ty, T.(0) = Tooolin
and TC(RL) = Tcool,in-

3.2. Effectiveness Factor

The effectiveness factor for the synthesis of MTBE has
been evaluated on the basis of data concerning the
generalized Thiele modulus (¢,) [3]:

1 = tanh(¢d,) / ¢, - (12)

In terms of the pseudo-homogeneous model, the
effectiveness factor is expressed as a function of
temperature and conversion:

1
" T bD 1 (9
T"‘ﬁ"‘rfouling R
fw pipe shell

where D and D, are the internal and external diameters
of the reactor tube, respectively, Ayp is the thermal
conductivity of the reactor tube, Ay, is the fluid-to-wall
heat transfer coefficient, A,y is the shell side (wall-to-
cooling water) heat transfer coefficient, and rfouing is the
fouling factor.

The evaluation of the fluid-to-wall heat transfer
coefficient was conducted on the basis of a newly
proposed correlation for the estimation of the total (wall
and effective thermal conductivity effects) heat transfer
coefficient [16]:

-1.37

dp

In this case, both Nu; and Re; are expressed based
on particle diameters. The heat transfer coefficient of
the shell side is expressed as a function of Nu and Re
and are both based on the external diameter of the tube,
where ¢, stands for a correction factor accounting for
the angle between the coolant stream and reactor tubes:

Nu; =|3.87-3.77-exp Re; " pr,233 | (15)

Nu =0.4-g,-Rel" Pl . (16)

3.4. ACM Property Estimations

The physical properties of components and mixtures
like viscosity, density and specific heat, were estimated
by Aspen Properties (using UNIFAC - Dortmund
property package). The “.appdf” file prepared by Aspen
Properties is the one called in ACM for seamless
transfer of properties. The kinetic sub-model helps in
terms of the calculation of reaction heats using the
Aspen Properties database.

Hungarian Journal of Industry and Chemistry



MTBE SYNTHESIS REACTOR MODELLING

Table 3. Typical base-case operating conditions and
results for the primary reactor.

Specification  Units Value
tube length m 6
tube diameter (ID) mm 21
number of tubes - 10,000
porosity - 0.33
feed inlet temperature  °C 50
isobutene/MeOH ratio  molar 1.1
pressure  bar 8
coolant inlet temperature ~ °C 45
feed flow rate  kmol h™! 2,000
isobutene mole fraction - 0.35
AP Dbar 0.723
conversion % 84.7
MTBE selectivity % 97.86

3.5. Performance Parameters

Reactor performance is evaluated by the following
equations:

chyﬁrcactam _ chyircaclant
z

Conversion(z) = —2 st (17)
0
key_product chyﬁproduct
SeleCtiVitY(Z) = szeyireactam _ F?keyﬁreactam (1 8)
0 z
Yield(z) = Conversion(z) - Selectivity(z) (19)

where z stands for the axial coordinate.
4. Model Predictions and Analysis

ACM is the preferred choice for robust reactor
modelling. Its equation-oriented modelling platform can
be easily exported to Aspen Plus process flow-sheets.
The coding of a multi-tubular packed-bed reactor in
terms of the synthesis of MTBE was conducted in a
modular form. The main reactor model defines the
constitutive equations in the bulk phase and sub-models
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Figure 3. Molar concentration profile along the length
of the reactor.
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Figure 4. Temperature profiles of the reactor and
coolant.

in terms of the reaction Kinetics, the estimation of the
heat transfer coefficient, and the development of the
pellet design. The normal operating conditions for the
primary reactor were selected as the base case in terms
of modelling (7able 3), where MTBE productivity is
~50 T h”'. The molar concentration profile of the
reactants and product along the axis of the reactor is
shown in Fig.3. The full length of the reactor is used
for the synthesis of MTBE. Fig.4 shows the temperature
profiles of the reactor and coolant.

The temperature sensitivity is controlled by
keeping the temperature difference between the coolant
and feed temperatures constant (Fig.5). It was observed
that due to the exothermic nature of the reaction, the
maximum temperature increased significantly with the
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95 Temp 95
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Max. Temp
Conversion
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(@) Selectivity
o
<]
—_
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= 85 X
—_
o /
3 /
a i
[
& e 80
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Feed Inlet Temperature (°C)
Figure 5. Temperature sensitivity by varying the feed

temperature and keeping constant the temperature
difference between the coolant and feed temperatures.
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Table 4. Dependence of conversion (%), selectivity
(%) and the maximum temperature of the reactor
(Twax) on the isobutene/methanol molar ratio
(iBu/MeOH).

iBu/MeOH 08 09 10 1.1 12 13

conversion 84.7 854 855 84.6 80.7 76.7
selectivity 98.1 98.1 98.1 979 097.1 954
T x> °C 56.1 565 569 577 595 620

increase in reaction temperature. At a constant pressure
and feed flow rate, the increase in the reaction
temperature led to an outer mass transfer limitation that
strongly affects the rate of conversion. At the same time
the selectivity also decreased due to a significant
increase in the maximum temperature of the reactor
(product degradation) and the maximum rate of
conversion was achieved in almost ~30% of the reactor.
The isobutylene/methanol molar ratio is one of the key
operating parameters and is always kept higher than its
stoichiometric value. Table 4 shows that by deviating
from the stoichiometric ratio the effect on the rate of
conversion and selectivity also decreases with the
increase in the isobutylene/methanol molar ratio.

The predictions according to reactor modelling
were found to be in good agreement with data from the
literature. The reaction must reach an equilibrium at the
rear end of the lead reactor. The estimated effectiveness
factor is 0.75 which was also used in the model. The
possible explanation for the occurrence of minor
discrepancies could be the use of a different catalyst or
errors in terms of experimental measurements. It was
observed that the maximum degree of productivity
corresponded to an isobutene/MeOH molar ratio of
close to 1 and a feed inlet temperature of between 50
and 55 °C. However, it is necessary to synchronize this
with the secondary reactor and other unit operations.

5. Conclusion

An ACM-based pseudo-homogeneous model with
regard to the synthesis of MTBE using an industrial
multi-tubular  packed-bed  (methyl-zert-butyl-ether)
reactor has been developed for enhancing operation
strategies. The UNIFAC - Dortmund property package
was used for reactor modelling. The effectiveness factor
was implemented as a function of the reaction
temperature. The model was validated using data from
the literature. Various sensitivity evaluations were
conducted to determine the operational optimization and
maximization of MTBE production under different
operating parameters. The model was able to predict
reaction behaviour and produce temperature and
concentration profiles along the length of the reactor.
Sensitivity studies were able to calculate the optimum
temperature, feed flow rate, methanol/isobutylene ratio
as well as heat removal rate of the reactor and thus
provide insights into a reasonable operational strategy.

SYMBOLS
A cross-sectional area of the reactor
a activity

AMeOH> @iBu> AMTBE> dinert
activities of methanol, isobutene, MTBE and

inert isobutane, respectively

ay 6.3x10”molh” g

¢ molar specific heat vector of a component

Cs cool specific heat capacity of the coolant

D, diameter of the reactor tube

Dy, D internal and external diameters of the reactor
tube, respectively

E, activation energy in kJ mol

Fyeool volumetric flow rate of the coolant

f molar flow rate vector of a component

A liquid-to-coolant heat transfer coefficient

Dy fluid-to-wall heat transfer coefficient

Aghent shell side (wall-to-cooling water) heat

transfer coefficient

Ahg heat of reaction vector

y activity coefficient

K, equilibrium constant (based on activities)
Kag ratio of adsorption equilibrium constants

KMeOHa KiBua KMTBE; Kinert
adsorption equilibrium constants for
methanol, isobutene, MTBE and inert
isobutane, respectively

ko frequency factor of the kinetic constant
k; reaction rate constant
Apipe thermal conductivity of the reactor tube
R universal gas constant

r vector of the rate of production or
consumption per unit volume of a component

Fief vector of effective reaction rates

Ffouling fouling factor

Po bulk density of the catalyst

Peool density of the coolant

S stoichiometric matrix

T, T, absolute temperatures of the liquid phase and
coolant, respectively

X mole fraction
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MODELLING THE PARTIAL DEMINERALIZATION PROCESS OF
COW MILK BY SUPERPRO DESIGNER

ATTILA CSIGHY,* ANDRAS KORIS, AND GYULA VATAI

Department of Food Engineering, Szent Istvan University, Ménesi Ut 44, Budapest, 1118,
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Milk and dairy products contain a number of biologically active compounds (proteins, lipids, vitamins and
minerals) that are essential for human nutrition. The most common procedures for demineralization are based
on ion exchange-, nanofiltration- and electrodialysis-based technologies. In this study, the application of
membrane filtration-based partial demineralization of cow milk was investigated and the process modelled.
Using design equations, the partial demineralization process was designed and the economy of the process
calculated. The modelling and simulation of the partial demineralization process was carried out by the
SuperPro Designer programme. As the first step the unit operations of the demineralization technology were
defined using the tools of the programme. The SuperPro Designer possesses industrial tools with reactor
models, chemical components, a database of mixtures, and price estimations. By analysing the influence of the
operation parameters, the feasibility of the proposed process was investigated. From the results of the
modelling it can be concluded that the partial demineralization process can be successfully implemented,

achieving the expected demineralization rates with a relatively good payback time of two years.

Keywords:

1. Introduction

Dairy products play an important role in the health of
humans as milk contains a number of biologically active
compounds (proteins, lipids, vitamins and minerals).
Therefore, the consumption of milk and dairy products
is highly recommended [1-2]. Milk is the main raw
material in the cheese and casein industry. The disposal
of whey creates a major environmental problem for the
cheese industry due to the high amount of organic
compounds it contains. In the cheese industry to
manufacture 1 kg of cheese, 9 kg of whey is produced
as a by-product. Whey possesses a large ‘biochemical
oxygen demand’ (BOD) value, therefore, treatment is
required before it is released into the environment or
recycled. Suarez [3] observed that the nanofiltration
membrane is an effective medium for the
demineralization of whey. The demineralization
efficiency depends on the transmembrane pressure and
the volume concentration ratio (VCR). Experimentally,
monovalent ions exhibit the highest degree of
permeation. [3]

Whey is a watery, dilute liquid, which generally
contains 0.8-1.0% total protein, 4.5-5.0% lactose, 0.5-
0.7% minerals and 93-94% water. Whey can be divided
into two different compositions, namely sweet and acid
whey [4]. Another process as part of the treatment of
whey is demineralization. Upon demineralization, whey

*Correspondence: csighy.attila@gmail.com

partial demineralization, SuperPro Designer, modelling, economic analysis

can be used for manufacturing drinks, desserts or ice-
cream products. A novel alternative process for
demineralization is nanofiltration. Nanofiltration is a
membrane separation method that lies between
ultrafiltration and reverse osmosis. Nanofiltration
membranes can maintain monovalent ions (NaCl) and
also organic compounds between 300 and 100 in the
Dalton range. Nanofiltration is an effective technique to
remove salts, while preserving valuable components [5].
In order to examine the feasibility of the process,
technological and economic experiments were carried
out by the SuperPro Designer software [6]. This
programme is widely used in the pharmaceutical,
biotechnology and food industries. The SuperPro
Designer is capable of preparing technological and
economic documentations and reports about the
modelled process. The programme possesses an
industrial tool, where the unit operations (reactions,
solid/liquid separation, tanks) can be prepared [7]. The
purpose of this study is to model the demineralization
process using the SuperPro Designer programme and by
analyzing the influence of the operation parameters, the
feasibility of the proposed process was investigated.

2. Experimental

2.1. Materials and Methods

In this study, one ultrafiltration (UF) and two
nanofiltration (NF) membranes were used. The first step
was the pre-concentration of milk using the UF
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Figure 1. Process flow diagram of the demineralization of cow milk.

membrane. A Schumasiv type 100 nm pore size
membrane was used for the pre-concentration phase, a
Schumasiv type 5 nm pore size membrane for
nanofiltration of the ultrafiltration retentate, and a
Membralox type 5 kDa membrane for nanofiltration of
the ultrafiltration permeate. The experiments were
carried out using ultra- and nanofiltration units in a
laboratory unit designed by the Department of Food
Engineering. The effective area of the membranes was
0.005 m*. The milk sample was circulated at a constant
temperature (21+1 °C) maintained by a thermostat. The
optimal working parameters were measured during an
experimental design in both the UF and NF processes.
During the UF process the transmembrane pressure was
1.5 bars and the recirculation flow rate was 150 dm® h™".
In both NF processes, the transmembrane pressure was
2 bars and the recirculation flow rate was 200 dm® h™.
The transmembrane pressure and the recirculation flow
rate were controlled by regulating valves.

2.2. Process simulation

The partial demineralization process was modelled
using SuperPro Designer software version 8.5 by
Intelligen, Inc. The main target task was partial
demineralization. The SuperPro Designer software
possesses an industrial tools section, where models of
reactors, chemical components, a database of mixtures,
price estimations and economic evaluations can be used.

Table 1. The characteristics of the membranes used.

Membrane Process parameters
type Pressure, bar  Flow rate, dm’ h’!
UF (100 nm) 1.5 150
NF (5 kDa) 2.0 200
NF (5 nm) 2.0 200

The parameters used were calculated from laboratory
experiments as shown in Table 1.

Firstly, The SuperPro Designer tool was used to
install the unit operations. The first unit is the
ultrafiltration system. The raw milk enters the system
and is separated into its permeate and retentate. In the
next step, the two fractions are transferred to each
diafiltration unit. Another major step is the definition of
essential material streams for milk, the addition of
distilled water to the diafiltration unit and the provision
of electricity. The diafiltrated, partially demineralized
milk and whey components are then sent to the storage
tank. The last part of the process is the packaging
system, where the products are completed. The
demineralized whey is finally loaded into a truck. The
mass of the filled entity is 40 metric tons (MT). The
basic process flow diagram of the combined partial
demineralization of cow milk is shown in Fig. /. The
composition of the milk was defined as illustrated in
Table 2.

In the next step, the transmembrane pressure, flow
rate and flux as operating parameters were set and the
cost of purchase assigned to each operating unit. The
annual operating time is 300 days for this process. The
cost of purchase of the ultrafiltration system was set at
$100k, the two diafiltration units at $75k, the storage

Table 2. The composition of the cow milk considered

Ingredient’s name Mass (%)
Casein 34
Fats 34
Lactose 5.2
Sodium Chloride 1.0
Water 87

Hungarian Journal of Industry and Chemistry
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Table 3. Cost estimates for energy supplies

Energy supplies Price
Steam (High P) [242 °C] $10/MT
Steam [152 °C] $6/MT
Chilled Water [5 °C - 10 °C] $0.4/MT
Cooling Water [25 °C - 30 °C] $0.05/MT
Std. Power $0.1/kWh

tanks at $75k, and the packaging unit at $50k. In
addition, the cost of raw materials was set at $1/kg, of
packaging material at $0.1/piece (100g), and of water at
$0.1/kg. The product must be sold at a price that is in
line with the market conditions (est. $2.2/kg). Each unit
operation needs a minimum of one operator, thus the
cost of labour was set at a basic rate of $10 per hour.
The electricity, cooling and heating energy demands
were estimated by the programme (7able 3).

3. Results and Analysis

Upon the establishment of costs, technological and
economic simulations were executed. The summary of
the run simulations for the partial demineralization
process yielded the relevant costs, revenue and payback
time as shown in Table 4. According to the simulation
results, the annual total revenue is higher than the
operating costs. The production costs are given with and
without amortization. Table 5 summarizes the indices of
the project. The ‘payback time’ or ‘return on
investment’ (ROI) for the partial demineralization
process in this case was calculated for four years. The
ROl is defined by Eq. (1):

ROI (%) _ annual net profit 100 (1)

capital cost

Other important parameters were the ‘internal rate
of return’ (IRR) before and after tax. The IRR is a
discount value when the ‘net present value’ (NPV) is
zero. The NPV is determined by calculating the costs
and benefits of the technological investment. The NPV
is defined by Eq. (2):

Ct

Table 4. Summary of economy indices (MP stands for
“flow of discrete entity”).

total investment $6,279,438
total annual revenue $30,315,042
annual operating cost $28,258,168
annual unit production $10,800,660

reference rate (MP entity)

unit product cost (per MP entity)
including depreciation
excluding depreciation

$2.62
$2.59

Table 5. Summary of project indices (IRR = internal
rate of return, NPV = net present value).

gross margin, % 6.78
return on investment, % 24.90
payback time, years 4.02
IRR before tax, % 28.36
IRR after tax, % 18.20
NPV (at 7.00%) 5,381,025

where C;is the cash flow, ¢ is the lifetime in years, d is
the discount rate, and Cj is the initial investment. If the
NPV remains positive, the process will be economically
viable [8].

The costs of materials and supplies are shown in
Table 6 with the most expensive item being the raw
material (cow milk) while the cost of packaging
materials is far less. Table 7 presents the total cost of
the plant for the demineralization process. In addition to
purchasing the equipment, other costs were the piping,
instrumentation, and  electrical, building and
construction fees.

According to the simulated revenues of the partial
demineralization process, the production of milk and
lactose solution cost $2.2 and $0.3 per kg, respectively.
Assuming that the demineralized whey is transferred
into a truck, it can be sold to food industries for $40 per
metric ton. The composition of the demineralised whey
in the form of lactose solution is 4.3% lactose, 0.8%
NaCl and 95% water, which is suitable for the
production of candy, yoghurt and ice cream. It is also
important to consider the cost of waste treatment. The
SuperPro Designer generated two different costs,
namely those of utilities ($25k) and transportation
($874Kk).

4. Conclusion

This study examined the feasibility of the partial
demineralization process which was successfully

Table 6. Summary of the costs of materials (in USD
per kg annually).

raw materials unit amount cost

milk $1.00 21,766,316 21,766,316

water $0.10 10,879,641 1,087,964

packaging material $0.20 10,800,661 2,160,132
total - - 25,014,412

Table 7. Total cost of the plant (in thousands of USD).

equipment purchase  $563k
installation ~ $266k

process piping  $197k
instrumentation ~ $225k
insulation $17k

electrical $56k
buildings  $253k

yard improvements $84k
auxiliary facilities ~ $225k
engineering  $472k
construction $66k

45(2) pp. 9-12 (2017)
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modelled by the SuperPro Designer software.
According to an economic evaluation, the net present
value, return on investment, and internal rate of return
were $5.3Million for four years, 28% and 18%,
respectively. The revenues of the products were $2.2 per
unit and $0.3 per kg (or $40 per metric ton) for the milk
and lactose solution, respectively. Future research will
focus on the optimization of costs and exploration of
alternative ways of recycling whey.
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INVESTIGATIONS OF THE TlInP.Seg—In4(P2Se¢)s SYSTEM AND ITS
OPTICAL PROPERTIES
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The equilibrium phases were investigated and the corresponding phase diagram constructed for the TlInP,Ses—
In4s(P2Ses)s system from physical and chemical analyses, namely differential thermal analysis (DTA), X-ray
diffraction (XRD), and microstructural analysis (MSA). It was established that this system belongs to the eutectic
type and is characterized by the formation of boundary solid phases containing complex compounds. Single
crystals of the compounds TIInP,Ses and Ins(P.Ses); were grown using the Bridgman method. Both crystals
were found to exhibit diffuse reflection spectra and photoinduced dependence of birefringence at various IR
wavelengths generated by CO; laser irradiation. Birefringence properties were investigated using the Senarmont
method.

Keywords: phase diagram, solid solution, crystal structure, optical properties, direct-gap semicon-
ductor, indirect-gap semiconductor, photoinduced birefringence
tem T1,Se—“P,Se,” with a ratio of 2 to 1, interoperable

Compounds with the formula M,P,Ses possess promis-
ing magneto-electric, piezoelectric, electro-optical, and
thermoelectric properties that indicate their suitability as
functional materials in optoelectronics [1-2]. Due to
their crystal structure, they exhibit anisotropy in terms
of their physical properties. In a multilevel structure of
M,P,Ses compounds, metal cations and pairs of phos-
phorous atoms occupy the octahedral positions between
planes of selenium atoms. This structure is characterized
by its layered arrangement of atoms, which contributes
to the formation of a dipole moment between the layers
of cationic and anionic groups. The replacement of the
metal cation M>" by other metal cations (M", M*" or
M*") leads to the deformation of the structure [3-4],
changes the magnitude of the dipole moment and, con-
sequently, its physical properties.

The Tl,Se—In,Se;—P,Se,” ternary system is com-
posed of binary Tl,Se-In,Se;, T1,Se—“P,Se,” and
In,Ses—“P,Se,” systems. The TI,Se—In,Se; system is
characterized by the formation of two intermediate ter-
nary compounds: TlInSe, melts congruently at 1023 K
and TlInsSeg is formed according to the peritectic reac-
tion L + In,Se; <> TlInsSeg at 1029 K [5-6]. In the sys-

*Correspondence: i_barchiy@ukr.net

components form the compound TI,P,Ses which pos-
sesses a congruent nature of melting at 758 K [7]. The
In,Se;—“P,Ses” system is characterized by the formation
of the compound Iny(P,Se¢); in a syntectic reaction of
L1 + L2 < Iny(P,Seg); at 880 K [8]. In the Tl,Se—
In,Se;—“P,Ses” system at the intersection of incisions,
the phases TI;P,Ses—Iny(P,Ses); and TlInSe,—“P,Ses”
form the complex compound TIInP,Seq [9].

2. Experimental

Ternary T14P,Seq and Iny(P,Seq); compounds were pre-
pared by melting stoichiometric quantities of binary
T1,Se with elementary indium, phosphorous and seleni-
um under a vacuum of 0.13 Pa in quartz ampoules using
a single temperature method. In all syntheses, compo-
nents were used that possess a purity greater than
99.999 %. The maximum temperatures of synthesis
were 993 and 893 K for In4(P,Ses); and TIInP,Seq, re-
spectively. The rate of heating up to the maximum tem-
perature was 50 K h'. The melts were maintained at the
maximum temperature for 72 hours. Cooling was per-
formed at a rate of 50 K h" down to an annealing tem-
perature of 573 K. The linearity of the heating and cool-
ing processes was achieved by a RIF-101 temperature
controller. The homogenization process occurred over
120 hours. Identification of the complex compounds
and alloys was conducted by differential thermal analy-
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Figure 1. Results of the XRD analysis of the
TlnP,Ses—Iny(P,Ses); system. (I rel — Intensity, 2 theta
- Angle of reflection)

sis (DTA) (PRA-01, chrome-alumina thermocouple %5
K), X-ray diffraction (XRD) (DRON-3 diffractometer,
CuKa radiation, Ni filter) and microstructural analysis
(MSA) (metallurgical microscope Lomo Metam R-1).
Crystal structural calculations were conducted using the
software package WinCSD [10]. Optical properties
were investigated using an SF-18 spectrophotometer
within the wavelength range of 400 — 750 nm. A CO,
laser was used for photoinduced electrons in samples
employing 200 ns pulses with a pulse repetition fre-
quency of about 10 Hz, a fundamental frequency of 10.6
pm and a frequency doubling of 5.3 um beams. The
birefringence was measured using a Er:glass cw laser at
1540 nm by application of the Senarmont method.

3. Results and Analysis

3.1. Phase diagram of the TlInP,Ses
Iny(P2Seg)s system

The TIInP,Ses—Iny(P,Seq); system is a quasi-binary sec-
tion of the T1,Se—In,Ses—P,Se,” ternary system (Figs.
and 2). It belongs to the eutectic type (V-type diagram
by Rozeboom). The complex compounds TlInP,Seqs and
Iny(P,Seg); melt congruently at 875 K and 963 K, re-
spectively. TlInP,Se; is characterized by two polymor-
phic transformations /fTlInP,Ses <> mitTlInP,Ses at
680 K and mtTlInP,Ses <> AfTlInP,Ses at 711 K. The
prefixes lt—, mt— and ht— represent low—, medium—, and
high—temperature modifications, respectively.
Ing(P,Se¢); is also characterized by two polymorphic
transformations /fIn,(P,Seq); <> mtIng(P,Seg); at 665 K
and mitIny(P,Seq); <> htlny(P,Seq); at 903 K. When the
temperature rises above 791 K, an invariant eutectic
process is observed L <> hfT1InP,Ses + mtIny(P,Seg); (in

Table 1. Crystal data of TlInP,Ses and Iny(P,Ses); compounds.
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Figure 2. Phase diagram of the TlInP,Ses—In,(P,Seq);
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the presence of 15 mol% Iny(P,Sey);).

The system is described by the sequence of the ef-
ficient peritectic processes AfTlInP,Seq + mtIng(P,Seg);
<  mtTlinP,Ses (714K) and m¢TlInP,Ses +
mtIng(P,Seg); <> lfT1InP,Ses (689 K) based on the pol-
ymorphic transformation of TIInP,Ses. The polymor-
phism of Iny(P,Seq); produces metatectic htlng(P,Seg);
<> L + miIny(P,Seq); (884 K) and eutectic mitIn,(P,Seg)s
<> [fTlInP,Ses + IfIng(P,Seq); (652 K) processes. Re-
gions of homogeneity in solid solutions, based on the
batched complex selenides during annealing at a tem-
perature of 573 K, do not exceed 10 mol%.

3.2. Crystal structure of the compounds
In4(P2896)3 and TI/nP2896

The crystal structures of the compounds T1lInP,Ses and
Iny(P,Se¢); were solved using the Rietveld method. As
an initial model for TlInP,Ses [2], the parameters of
Iny(P,Seg); were used [8]. Analysis of the crystalline
structures of the investigated compounds (7able I)
showed that it is possible to define the structural group
of the anionic group [P>Ses]*, which is formed by two
single tetrahedra (Fig.3). Cationic atoms occupy posi-
tions between the anionic groups and none are located
between the layers.

Compound Crystal system  Space group  Lattice constant

Iny(P,Seg); [8]  trigonal R3 h (146) a=6.362(3), c=19.929(6) A
Iny(P,Seq)s trigonal R3 h (146) a=6.3808(8),c=20.014(4) A
TIInP,Se; [2] triclinic P-1(2) a=6.4310,b=7.5002, c = 12.124 A,
TIInP,Se triclinic P-1(2) a=100.553, 3 =93.735,y=113.451

Hungarian Journal of Industry and Chemistry
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Figure 3. Structure of the anionic group [P,Seq]*.

The structure of Ing(P,Se¢); can be derived from
the structure of Sn,P,Se [11]. It is composed of multi-
ple substitutions of the isovalent cations according to
2M*" <> M*". The crystal structure of the compound
Iny(P,Seg); can be presented based on the composition
of the anionic group [P>Seq]™ (Fig.4), in which the indi-
um atoms occupy the space between the anionic groups.

The second coordination environment (SCE) [12] is
of cuboctahedron form. Indium cations are surrounded
by a triangular environment of anionic atoms of the
group [P,Seq]* and within the frames of its environment
bonding exists with six atoms of selenium while the
coordination form is octahedral (Fig.5).

The structural and chemical properties of the
MeIMemP2866 compositions are related to the important
role concerning the dimension of the cation on its loca-
tion between the layers of the anionic [P,Seq]* groups.
Crystallographic analysis showed that smaller cations
occupy a position in the plane perpendicular to the main
axis. Atoms located in a second coordination environ-
ment of anionic groups in the structure of TlInP,Seq
compounds can be presented as a strongly distorted
hexagonal-equivalent cuboctahedron (Fig.6).

The atoms of metallic cations, located in the cavi-
ties between the atoms of the anionic groups, are within
an asymmetric environment (Fig.7). In*" cations move
toward tetrahedral cavities on the boundary between

YTX
®

In

Figure 4. Arrangement of the polyhedra anionic group
[P,Ses]* in Iny(P,Seg)s.

2.748 ol @o 748
2748
In] 2.602
2.602 @Se2 @ 2.602

Figure 5. Coordination environment of the indium
atoms in the structure of Iny(P,Seg)s.

tetrahedral and octahedral cavities, and T1" cations
move in the direction of the octahedral cavities.

Moreover the In’" cations are located in the same
plane together with the centres of the anionic [P,Seq]*
groups (Fig.8) and some TI" cations are shifted relative
to the plane. Therefore, this arrangement is a source of
the interesting electro-physical and optical properties of
materials based on compounds of this type.

3.3. Optical response of single crystals of
TIInP2866 and In4(P2366)3

The most important parameter of the energy spectra of
semiconductors is the width of the band gap, E,, which
is defined by the difference in energy between the bot-
tom of the conduction band, E¢, and the top of the va-
lence band, Ey. All semiconductors can be divided into
two groups. In the first group, the minimum of the con-
duction band and the maximum of the valence band
occupy the same point in the Brillouin zone, i.e. at an
identical location in the space of quasi-moments. In this
case, the optical transitions of electrons from the va-
lence band to the conduction band (with the absorption
of a quantum of light) and from the conduction band to
the valence band (with the emission of a quantum of
light) occur so that the electrons practically do not
change their quasi-moments. Such transitions are char-
acteristic of direct-gap semiconductors. For the second
group, the absolute minimum of the conduction band
and the absolute maximum of the valence band are at
different points in the Brillouin zone, and optical inter-

Figure 6. Second (SCE) and nearest (NCE) coordina-
tion environments of atoms in the [P,Se¢]* anionic
groups in the structure of TIInP,Se.

45(2) pp. 13-18 (2017)
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Figure 7. Coordination environments of the thallium
(a) and indium (b) atoms in the structure of TlInP,Se.

band transitions must be accompanied by a large change
in the electron quasi-moment. These are characteristic
of indirect-gap semiconductors. Since the photon mo-
ment is negligibly small compared with the electron
quasi-moment, the latter case is possible only when the
electron interacts with the phonon.

According to the phase diagram, the single crystals
of TlInP,Ses and Ing(P,Se¢); were grown using the
Bridgman method in two vertical zone furnaces. Exper-
imental studies of optical spectra in the absorption re-
gion yielded information on the energy spectrum of
electrons near the edges of the conduction band and
band gap. Studies concerning the dependence of diffuse
reflection on wavelength (R = f{A)) have shown that the
compound TlInP,Seq refers to indirect-gap semiconduc-
tors. On the graph there are two rectilinear sections, one
of which (for small wavelengths, A, and large values of
E) characterizes the interband transitions of electrons
with phonon emission, and the other (for large A and
small E) describes the processes of phonon absorption
(Fig.9).

The intersection of the first section with the wave-
length axis, A, yields the value of E,+ Epponon (A = 560
nm, E = 2.21 eV), and the intersection of the second

Figure 8. Arrangement of the polyhedra anionic group
[P,Seq]* in the structure of TIInP,Se;.
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Figure 9. Dependence of the diffuse reflection R on
the wavelength A for the compound TlInP,Se;.

characterizes E; — Epponon (A =605 nm and E = 2.05 eV).
The length of the segment between the points of inter-
section of both straight lines with the wavelength axis,
A, is equal to the doubled energy of the phonons,
2E honon (0.16 €V), interacting with the electron. The
middle of this segment corresponds to the photon ener-
gy equal to the width of the band gap of the indirect-gap
semiconductor, E,. Experimental calculations in terms
of the compound TlInP,Se; have shown that £, = 2.13
eV and Ejponon = 0.08 eV.

The compound Iny(P,Se¢); refers to direct-gap
semiconductors, which characterizes the interband tran-
sitions of electrons in terms of photon absorption
(Fig.10). The intersection of the line with the wave-
length axis, A (A = 651 nm), yields the value of £, =
1.91eV.

The crystals of Iny(P,Ses); and TIInP,Seq were il-
luminated by 10.6 um and (its second harmonic) fre-
quency doubling of 5.3 um beams. Each channel of the
beam was split by 200-ns CO, laser pulses with a pulse
repetition frequency of about 10 Hz. The angle between
these two laser beams was changed from 18° to 22°
Figs.11 and 12 present these dependences. Treatment
with a 10.6 um beam achieved a smaller maximum bire-
fringence (about 1.55%107?) in comparison to the 5.2 pm
beam. This indicates a different photoinduced anisotro-
py for the Iny(P,Ses); and TlInP,Seq crystals. Because

60 - Direct-gap semiconductor
R,% 0—Iny(P,Seg)3

50 ~

45

40

35+ ; T )
400 500 600 700 800
A, M

Figure 10. Dependence of the diffuse reflection R on
the wavelength A for the compound In,(P,Sey)s.
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Figure 11. Photoinduced birefringence dependence at
wavelengths of 5.3 um and 10.6 um - the two coherent
beams were illuminated under different angles. During
the two-beam coherent treatment at optimal power
densities (about 400 MW/cm®) and incident angles
(18-22 degrees) for crystals of Iny(P,Ses);. The bire-
fringence scale should be multiplied by 107

these crystals contain chalcogenide anions that contrib-
ute to the anharmonicity of the phonon, they play a cru-
cial role in terms of the second harmonic generation
[13-14]. The maximum changes in the birefringence
achieved were less than 2x107 and 6.3x107 for CO,
laser wavelengths of 10.6 um and 5.3 pum, respectively.

4, Conclusion

Differential thermal analysis, X-ray diffraction and mi-
crostructural analysis were used to construct a phase
diagram for the TIInP,SesIny(P,Seq); system, which
can be characterized by a eutectic-type interaction. The
invariant eutectic process L <> AfTlInP,Ses +
mtIng(P,Seg)s (15 mol% Iny(P,Se¢);) occurs at 791 K.
Two polymorphic transformations were identified for
TlInP,Ses at 680 K and 711 K and for Ing(P,Ses); at
665 K and 903 K. New compounds were not detected in
the binary system. The regions of solid phases of the
complex compounds TlInP,Ses and Iny(P,Seq); do not
exceed 10 mol%. Single crystals of both test compounds
were achieved by the Bridgman method. Investigations
concerning the dependence of the diffuse reflection
spectrum showed that the compound T1InP,Se¢ is char-
acteristic of indirect-gap semiconductors (E,= 2.13 eV,
Ephonon = 0.08 €V), while the compound Iny(P,Ses); is
characteristic of direct-gap semiconductors (£, = 1.91
eV, Ephonon = 0.08 V). The dependence of the birefrin-
gence was photoinduced by wavelengths of 5.3 pm and
10.6 um, which is indicative of different photoinduced
anisotropy.
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Figure 12. Photoinduced birefringence dependence at
wavelengths of 5.3 um and 10.6 um - the two coherent
beams were illuminated under different angles. During
the two-beam coherent treatment at optimal power
densities (about 400 MW/cm?) and incident angles
(18-22 degrees) for crystals of TlInP,Ses. The bire-
fringence scale should be multiplied by 107,

SYMBOLS

ht high—temperature modification
mt middle—temperature modification
It low—temperature modification
SCE second coordination environment
NCE nearest coordination environment
E, band gap, eV

Ephonon ~ phonon energy, eV

R diffuse reflection

A wavelength, nm
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During the investigation of fermentations, issues such as the need for numerous parallel experiments with re-
gard to strain improvement or screening were often met, or in the case of media optimization the need for online
measurements to avoid a lack of night-samples was also required. Therefore, several new instruments were in-
troduced to solve one or more of these problems: impedimetric- and reverse-spin-technologies (RST) were
compared via fermentation of a well-known species of yeast, Saccharomyces cerevisiae, under both aerobic
and anaerobic conditions, resulting in a diauxic growth curve. To identify the most accurate method, a well-
known mathematical description was fitted to the measured data. Since the initial parameters were considered
reliable as they originated from real experiments, during model fitting, the parameters were further fine-tuned,
and the less modifications reported the better the system since it produces a growth curve that is more similar to
standard bioreactors. According to our study, the impedimetric equipment was more efficient, and could run 40
parallel experiments, but the RST was more flexible.

Keywords:
ling

1. Introduction

Developments in fermentations face numerous chal-
lenges which may require expensive analytics, media
components or special tools to facilitate aseptic work
and sampling. Furthermore, these biological processes
vary significantly. To overcome these difficulties, the
process should be scaled-down in combination with
high-throughput methods, resulting in many parallel,
small-scale experiments. Such experiments are used in
terms of strain and technological improvements as well
as media optimization.

A good solution may be the consideration of mi-
cro-bioreactors. However, because of their high invest-
ment and operational costs, they have not become wide-
spread in Hungary. While each can provide almost eve-
ry service required for bioreactors, for example, aera-
tion, agitation and sampling in addition to pH and tem-
perature control, they possess considerable limitations,
namely non-standard conformations resulting in scale-
up difficulties, or special measurement techniques that
are incompatible with standard methods.

A readily available alternative, to be more precise,
Microtiter-Plates (MTP), for microscale high-
throughput fermentations has already been presented
and reported [1]. The basic principle is to use sterile
’96-Well’ microtiter plates with a special “sandwich
cover” that facilitate sufficient aeration but reduce the
likelihood of cross-infection. This system requires an

*Correspondence: naron@f-labor.mkt.bme.hu

fermentation, high-throughput, scale-down, online measurement, mathematical model-

adapter to be able to mount microtiter plates into a
commercial rotary incubator shaker. The next issue is to
analyse and follow the processes in the wells since their
volumes are so small (ca. 100 pL) that sampling is im-
possible. Therefore, either a microplate reader is re-
quired or a simple office scanner to produce a grey-
scale photo taken from the bottom of the plate. The col-
our of high cell-densities is close to white, but empty
broths have a black background. In the case of species
that produce high levels of acid, like Lactobacillus,
even a pH indicator can be applied and besides a grey-
scale photo a coloured one has to be taken as well; al-
ternatively, CaCOj; should be added at the start but this
can disturb the scanner-based “photometry”.

Our partner (enzyscreen.com) even offers micro-
titer plates for fed-batch fermentations. To achieve this,
the feed components are adsorbed onto the material of
the MTP, and are programmed to slowly release the
fresh substrate during cultivation. However, another
innovative solution has been developed for small-scale
fermentations using online monitoring: Biosan Ltd.
(Lithuania) applies Reverse-Spin Technology in the
equipment of their Personal Bioreactor (RTS-1). This
cost-effective equipment rotates a standard Falcon tube,
filled with ca. 10 ml of fermentation media, at different
rotation speeds in several directions at various con-
trolled temperatures using a variety of aeration holes on
the cap. This instrument also involves a photometer to
facilitate the programming of measuring frequencies at
a given wavelength (A = 850 nm). For calibrated and
reproducible measurements, a constant film layer is
necessary, therefore, the instruments increase the rate of
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rotation until 2000 rpm. The changes in parameters ef-
fect shear forces as well as levels of aeration.

Finally, this comparative study used an impedimet-
ric system by SY-LAB (Austria) which is called Bac-
Trac 4100 [2]. This equipment possesses a block ther-
mostat composed of 40 measurement cells, each con-
taining 4 electrodes. One pair of them follows the
changes in the impedance of the media, M%, caused by
the secreted acids and metabolites. In the case of micro-
organisms that exhibit high levels of ionic strength in
the media, it is hard to detect M%, therefore, with the
application of a different frequency the changes in im-
pedance on the other electrode surface (E%) can be fol-
lowed. In direct measurements, these electrodes are
immersed directly into the culture, but in the case of
indirect measurements, they are rinsed with KOH which
can adsorb the formed CO, released by the culture.
While this system does not possess mixer/aerator solu-
tions, this result can be transferred carefully to the
known systems, namely benchtop fermenters or shaking
flasks. However, it is able to follow forty different cul-
tures.

In this study, a well-known model organism (S.
cerevisiae) was chosen that exhibits special biochemical
behaviour. It was used to test the compare the ability of
the three systems introduced above. What is special
about S. cerevisiae is that it can change from aerobic to
anaerobic cultivation according to Pasteur and Crabtree
effects; i.e. under lack of oxygen or excess to sugar,
respectively. After changing to anaerobic metabolism, it
produces mostly alcohol but later this can be consumed
by yeast as well resulting in a stepwise growth curve,
also referred to as a diauxic growth profile. Thus, the
question was whether such a system could show and
follow this diauxic growth.

2. Experimental

Commercial S. cerevisiae, i.e. baking yeast produced by
Lesaffre, was cultured on a media of molasses that were
diluted by a factor of 10 resulting in a saccharose con-
centration of ca. 75 g dm™ and a 20:1 volume of molas-
ses to NH4OH ratio at 34°C. The 100 pL of inoculum
possessed a cell-dry-weight (CDW) content of 10
g/dm’. RTS-1 collected the data in a Microsoft Excel
database. BacTrac only provided the data collected on
screen plots, but with the help of Digitizelt v.2.3 soft-
ware the measurement data was transported into Mi-
crosoft Excel. To compare the data in Microsoft Excel,
the structured model of Blanch et al. [3] was adopted
and programmed in Berkeley Madonna for Windows
8.1. This model can describe both anaerobic cell growth
on excess sugar with the formation of alcohol and aero-
bic cell growth on alcohol as a substrate. It divides cells
into two main compartments, i.e. substructures: one is
responsible for metabolism (both aerobic and anaero-
bic), and the other is responsible for cell division. The
parameters, for example reciprocal yields and stoichio-
metric coefficients of the model, were partly determined
experimentally, but others were determined by non-
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Figure 1. The measured parameters (temperature, L,
ODgsp) and calculated data (CDW from ODgs) along
with the data of the predicted (i.e. fitted) model. (A)
green line: temperature; blue line: measured turbidity
at 850nm; brown line: measured specific growth rate.
(B) green line: temperature; red crosses: calculated
cell dry weight from the measured turbidity at 850nm;
purple line: fitted model-based prediction for CDW.

linear model fitting, i.e. model calibration on real sam-
ples.

3. Results and Analysis

3.1. Reverse-Spin Technology vs. Personal
Bioreactor (RTS-1)

Fig. I presents the results of RTS-1. While optical densi-
ty (OD), i.e. turbidity at A = 850nm, changed slowly, the
specific growth rate calculated online only reflected the
uncertainty of the OD measurements, but the tempera-
ture remained constant as expected. Additionally diaux-
ic growth was also detected but over a very long period
of time. The model fitting was quite difficult because a
satisfactory fit was only achieved after remarkable
changes to basic constants, for example maximum spe-
cific growth rates on both substrates, etc., had been ap-
plied.

3.2. Impedimetric System: BacTrac

In the case of the impedimetric experiments, three dif-
ferent arrangements were tested: an anaerobic cell with
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Figure 2. The results of three BacTrac measurements:
relative changes in impedancy in the M% of media vs.
time (h) - (A) indirect-; (B) aerobic-direct-; (C)
anaerobic-direct measurements.

an incorporated valve for gas release, an aerobic one,
and an indirect one (Fig.2). Only M% values yielded
explainable curves. Indirect measurements yielded an
inverse growth curve (decreasing) as expected, but did
not exhibit a two-step decrease, i.e. diauxic growth,
therefore, M% values of direct measurements were
evaluated. The two curves of aerobic and anaerobic M%
values were very similar to each other, but perhaps the
anaerobic example is more relevant as in the case of
high sugar content, the metabolism of yeast shifted in
the anaerobic direction. Fig.3 shows the fits of the mod-
el in which less constants had to be changed and diauxic
growth was detected.

4, Conclusion

Both tested systems — Personal Bioreactor (RTS-1, Bio-
san) and BacTrac (SY-LAB) — detected diauxic cell
growth of baking yeast. RTS-1 seemed to be a little bit
more flexible, but BacTrac gave faster results, was able
to make 40 measurements at the same time and offered
three options in terms of evaluation. Maybe in the near
future a solution to regular automatic sampling from
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Figure 3. Model fitting to the anaerobic BacTrac curve

(M%): red crosses: measured data; purple line: model-
predicted values; green line: temperature (°C).

larger-scale fermenters will be found and then the re-
sults can be compared with the ones presented here.
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The dairy industry generates wastewater characterised by high levels of biological and chemical oxygen de-
mands representative of their high degree of organic content; mainly carbohydrates, proteins and fats that origi-
nate from milk. Several investigations have been conducted into the reuse of dairy wastewater, e.g. membrane
processes are a promising method to treat such wastewater. Earlier works have proven that with membrane fil-
tration an appropriate degree of retention can be achieved and the permeate can be reused. However, mem-
brane fouling is a limiting factor in these processes. Advanced oxidation processes (AOPs) are widely used in
the fields of water and wastewater treatments and are known for their capability to mineralise a wide range of
organic compounds. AOPs also exhibit some other effects on the filtration process, e.g. the microflocculation ef-
fect of ozone may play a significant role in increasing the elimination efficiency and causing a decreased level of
irreversible fouling. By comparing ozone and Fenton pre-treatment (FPT) processes it can be shown that the
fouling propensity of pre-treated pollutants does not depend on the pre-treatment method, while FPT was prov-
en to be more efficient in improving the level of flux.

Keywords:
dairy wastewater

1. Introduction

The dairy industry is considered to be the largest source
of food-processing wastewater in many countries. Dairy
wastewater exhibits high degrees of biological oxygen
demand (BOD) and chemical oxygen demand (COD);
contains high levels of dissolved or suspended solids
including fats, oils and grease; as well as nutrients such
as ammonium ions or phosphates. Therefore, proper
attention must be paid to them before disposal [1].
There are several research projects that aim to identify
possibilities of reusing or recycling dairy wastewater [2-
9]. Membrane treatment of dairy wastewater with the
aim of water reuse could simultaneously lower the total
water consumption and effluent production of dairy
plants, as the purified water produced could be reused in
a dairy plant to heat or cool water. Besides additional
advantages, e.g. a high degree of separation efficiency
in the absence of chemical changes and low levels of
energy intensity, membrane filtration also has draw-
backs, namely compounds in dairy wastewater that con-
tain protein were found to be significant foulants in
terms of existing membrane materials [10-12].

*Correspondence: zsizsu@mk.u-szeged.hu
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The combination of membrane separation and pre-
treatment with advanced oxidation processes (AOPs:
using ozone, hydrogen peroxide, UV light, or a combi-
nation of these) opens up new opportunities, since the
ozone and the resulting oxidizing radicals (mainly hy-
droxyl radicals) efficiently change the characteristics of
the colloidal particles or oxidizing compounds, which
cause membrane fouling [13]. Earlier studies have
shown that the microflocculation effect of ozone may
play a significant role in increasing the elimination effi-
ciency and may decrease the extent of membrane foul-
ing and increase the degree of gel formation. In addi-
tion, AOPs can be used as a pre-treatment stage before a
biological step in order to increase the biodegradability
of the recalcitrant compounds and thus lower the toxici-
ty of the wastewaters [13-14].

According to economic evaluation studies, the
Fenton process is more economical than ozone pre-
treatment [15]. However, there is little data concerning
its effect on membrane filtration parameters. The aim of
the present work was to investigate and compare the
effect of ozone pre-treatment and the Fenton’s reaction
on ultrafiltration parameters, fouling mechanisms and
the pollutant removal efficiency on a model dairy
wastewater.
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2. Experimental

2.1. Samples and Measurements

Model solutions were prepared from milk powder (Milk
Quick, Instantpack Kft., Hungary) composed of 0.3%
(g/g) concentrations, 32% (g/g) proteins, 5% (g/g) fat
and 50% (g/g) lactose. Ozone was produced from oxy-
gen (Linde, 3.0) with a flow-type ozone generator
(Ozomatic Modular 4, Wedeco Ltd., Germany). The
ozone-containing gas was bubbled continuously through
a batch reactor during the treatment. The volume of the
treated water was 0.45 dm’. The durations of the treat-
ment were 5, 10 and 20 mins; and the flow rate was 1
dm® min™'. The ozone concentrations of the bubbling
gas before and after it was passed through the batch
reactor were measured with a ultraviolet—visible (UV-
VIS) spectrophotometer (Nanocolor NUV 0113) at a
wavelength of 254 nm (Fig./). The absorbed ozone
concentrations were 6.8:10° M, 1.43-10° M and
2.67-107 M, respectively.

Fenton’s reaction was conducted in a batch stirred
ultrafiltration cell with 1.5 mmol dm> FeSO,x7H,0
(purity 99%, Spektrum-3D, EU) adjusted to pH 3 with
H,SO, (purity 96%, Farmitalia Carlo Erba SPA, Italy),
0.3 wt.% milk powder solution and H,0, solution (30%,
purity 99%, Spektrum-3D Kft.), the [H,O,]:[Fe] ratio
was 5:1 (Fenton (5:1)) or 50:1 (Fenton (50:1)). The
ozone or Fenton pre-treated samples were used as a feed
in ultrafiltration (UF) experiments.

The UF experiments were carried out in a batch
stirred ultrafiltration cell (Millipore, Serial N°94, USA)
with a capacity of 50 cm’, and the filtrations were per-
formed at transmembrane pressures of 0.1 (only in the
case of Fenton (50:1)) or 0.3 MPa and the feed solutions
were stirred at 350 rpm. For filtration experiments, flat
sheet polyethersulfone (PES) membranes (PES-10 se-
ries, New Logic Research Inc., USA) and a molecular
weight cut-off (MWCO) of 10 kDa were used with an
effective membrane surface area of 1.73 dm”. The initial
feed volume was 50 cm’, the ultrafiltration experiments
were conducted until 40 cm® of the total sample had
been filtered, when the volume reduction ratio (VRR)
was equal to 5.

Determination of the COD was based on the
standard method involving the oxidation of potassium
dichromate; for the analysis, standard test tubes (Lov-
ibond Tintometer Ltd.) were used. The digestions were
conducted in a COD digester (Lovibond ET108 ther-
moreactor); and the COD values were measured with a
COD photometer (Lovibond PCCheckit). For the de-
termination of the residual amount of hydrogen perox-
ide, COD measurements were performed before and
after the addition of the enzyme catalase.

2.2. Theoretical Methodologies

In order to investigate mechanisms of membrane foul-
ing, filtration resistances were calculated according to
the Resistance-In-Series Model, Egs.(1-4).

0,

Ozone
generator

A

\ 4

| | Spectrophotometer H

Figure 1. Experimental set-up of ozonation.

The membrane resistance ( Ry, , m™) was calculat-
ed as

Ry = AP

= -1 1
T [m~!] (D

where Ap is the difference in pressure either side of the

membrane (in MPa), J is the water flux of the clean

membrane, and m, is the viscosity of water (in Pa-s).
The total resistance (R, , in m '), can be evaluated

from the steady-state flux by using the Resistance-In-
Series Model:

RT = RM + Rirrev + Rrev (2)

where R

rrev

is the irreversible resistance (mainly caused
by the fouled pores) and R, is the reversible re-

sistance.

The irreversible resistance was determined by
measuring the water flux through the membrane after
filtration, rinsing it with deionized water to remove any
particles of the residue layer from the surface, and sub-
tracting the resistance of the clean membrane:

Ap

Jwanw

irrev.

Ry, 3)

where Jy,, is the water flux after concentration tests.

The reversible resistance of the layer deposited on the
membrane surface was calculated as:

Ap
Rrev = m_ Rirrev - RM )

where J. is the constant flux at the end of the concen-
tration test and my,, is the viscosity of the wastewater
viscosity [16].

Mathematical modelling of the fouling mechanism
was studied based on the Hermia’s model [17]. The
Hermia’s model describes the mechanism of membrane
fouling based on blocking filtration laws, consisting of
complete pore blocking, standard pore blocking and
intermediate pore blocking, in addition to cake filtration
(Table 1) to illustrate the different fouling mechanisms.
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Table 1. Hermia’s filtration laws. 0,006 r
0,005 4
Fouling mecha- o Constant—pressure ™
- Filtration law filtration 0,004
nism
Jo A =cont.
Complete pore J=Jye™ InJ=1InJ,-kt 0,003 ®.m # Fenton (50:1)
blocking 0,002 ® Fenton (5:1)
Gradual pore J=Jy(1+ %K, 1 =1/] kst ozone
blocking (stand-  (A-Jy ) 1) ky=0.5 K, 4% 0,001 X untreated
ard pore block- 0 . . . . ,
ing) 0,00 0,10 0,20 0,30 0,40 0,50
Intermediate J=Jy (1 + 1/ = 1/Jy + kit 0CC (kg 0,/m?)
filtration KlAJO 't)-l ki = Ki A 2
Cake filtration J=1Jy - (1 + IP=1J>+kt Figure 3. Fouling coefficient as a function of OCC.
2K (A-Jp)* )0 k. = 2K, A

The Hermia’s model was then linearized for each model
using a fitting equation in terms of the permeate flux
versus time as presented in Table . In terms of the
evaluation of the results these models were fitted to ex-
perimental data. In Table 1, J is the flux, J, is the initial
flux, the various K’s are the fouling coefficients, and A
is a constant.

To compare the performance of different AOPs,
the oxygen-equivalent chemical-oxidation capacity
(OCC, kg O, m™) was used to quantify the oxidants
used in the ozone treatment and Fenton’s reaction, and
was determined based on stoichiometric calculations
[14]:

OCC =1.000[05] = 0.471[H,0,] (5)

where [O3] is the required ozone concentration (kg O;
m™), and [H,0,] is the required hydrogen peroxide con-
centration (kg H,O, m?).

3. Results and Analysis

3.1. Experiments

The effect of pre-oxidation on filtration parameters was
investigated by fitting equations in Table I to measured
data. Based on the value of the coefficient of determina-
tion, the cake layer filtration yielded the best correla-
tion. In order to compare the different pre-oxidation
methods, normalised values of the initial flux (J,, L m™

25
20 ‘—-—- *
g L 2
£ 15 4
E 10 - - @ Fenton (50:1)
= B Fenton (5:1)
- 5 ozone
X untreated
0 T T )
0,0000 0,0050 0,0100 0,0150
0CC (kg 0,/m3)

Figure 2. Normalised initial flux values as a function
of OCC.

h'' bar') and fouling coefficients (k) were calculated
and compared (Figs.2 and 3). It was found that the ef-
fect of ozone treatment and Fenton-treatment is differ-
ent in the case of initial normalised flux. Not only the
Fenton pre-treatment but the addition of reagents in the
absence of hydrogen peroxide exhibited coagulation-
flocculation effects that resulted in an enhanced initial
flux. In the case of the Fenton’s reaction this effect is
independent of the [H,O,]:[Fe] ratio.

The fouling coefficient also changes by the addi-
tion of oxidants, (Fig.3) but in this case, the tendency is
more likely to depend on the OCC than on the applied
AOP method. At lower oxidation capacities the fouling
coefficient decreases resulting in lower degrees of foul-
ing than in non-treated solutions, however, at higher
oxidation grades, the fouling coefficient increases.

To obtain more information concerning the fouling
mechanisms, the filtration resistances of ozone-treated
and Fenton (5:1) pre-treated solutions were calculated
and compared (Fig.4). It was found that - in accordance
with the values of the fouling coefficient - filtration re-
sistances decrease as the duration of oxidation pre-
treatment increases. In particular, mainly pre-treatments
of short durations decreased the irreversible fouling
resistance and increased the reversible fouling re-
sistance.

4. Discussion

As an effect of the pre-oxidation of model dairy
wastewater two typical pathways were observed that
influence membrane filtration parameters: the i) micro-
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Figure 4. Filtration resistances of untreated, Fenton
(5:1) and ozone pre-treated solutions.

45(2) pp. 23-27 (2017)



26 ZAKAR, KOVACS, MUHI, LAKATOS, KESZTHELYI-SZABO, AND LASZLO

Bulk solution (~
% (

Gel/cake layer e =
Reversible (® ‘,r—\
fouling Z U

W
N )
A 4
*
S
[
\
-
- -
Irreversibl g Sl
-

e fouling 3
$

Oxidation pre-treatment

Degradation

Micro-flocculation

Short term Long ternt

-) Gel/cake layer
- Reversible
fouling

Irreversibl
e fouling

Figure 5. Possible effect of ozone pre-treatment on the
membrane filtration of dairy wastewater.

flocculation effect produces associated colloidal parti-
cles, and ii) degradation of organic matter (Fig.5). The
former resulted in decreased fouling of membrane pores
as shown by the decreased fouling coefficient and irre-
versible resistance. This can be observed only during
short-term ozone or Fenton treatments (OCC < 0.05 kg
0, m™). The latter point may increase the degree of pore
fouling [13, 18] due to the formation of small degrada-
tion by-products, which can enter membrane pores as
the increased values of irreversible resistance also
prove. By comparing the ozone and Fenton pre-
treatment processes with similar OCCs, it can be con-
cluded that the Fenton pre-treatment may be more effec-
tive in terms of enhancing the flux, probably due to the
coagulation-flocculation effect of the ferrous salts them-
selves.

5. Conclusion

The comparison of ozone and Fenton processes as pre-
treatments before ultrafiltration of a model sample of
dairy wastewater showed that such pre-treatments may
improve the filtration parameters in terms of flux or
fouling mitigation. By examining the effect of the oxi-
dation capacities of ozone and Fenton pre-treatment
processes, it was found that the fouling propensity of
pollutants does not depend on the pre-treatment method.
However, it depends on the OCC of the pre-treatment
method. Although the method of pre-treatment affects
the flux, the Fenton pre-treatment proved to be more
efficient in terms of enhancing the value of the flux.

SYMBOLS
Ry membrane resistance (m )
R, reversible resistance (mﬁl)

Riev irreversible resistance (m )

Ap pressure difference between the two sides of
the membrane (MPa)

J flux (1/s)

Jw water flux (1/s)

Je constant flux at the end of the concentration
(1/s)

Jo initial flux (1/s)

nw water viscosity (Pa-s)

k fouling coefficient

OCC  oxygen-equivalent chemical-oxidation capacity
(kg Oy'm™)
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MICROENCAPSULATION OF VEGETABLE OIL: ALTERNATIVE
APPROACHES USING MEMBRANE TECHNOLOGY AND SPRAY
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Microencapsulation technology is a method that is widely used in the food industry. By comparing the latest en-
capsulation techniques, a significant number of publications concern membrane technology. The term “mem-
brane-based encapsulation” entails that the first step of the technique is the preparation of emulsion with the
help of microporous membranes. Generally, in microencapsulation technologies, the wall material is dissolved in
a continuous phase and oil is dispersed within it. In the present investigation, a new method of preparing micro-
capsules composed of vegetable oil and maltodextrin was developed. In the first step, the wall material (malto-
dextrin) was dissolved in oil and considered as a dispersed phase, subsequently, it was introduced into a con-
tinuous phase (water) through a microporous membrane. A comparative study was conducted between conven-
tional microencapsulation techniques and one developed in our laboratory. The average particle size of micro-
capsules prepared by our method is smaller than the size allowed by other methods. After encapsulation prepa-
ration, fine-tuned microcapsules were produced by spray drying. However, the main disadvantage of our pro-
posed technology is rapid membrane fouling, because of high concentrations of solute in the dispersed phase.

This problem can be eliminated by judicious and systematic investigations.

Keywords:

1. Introduction

The controlled release of food ingredients at the right
place and the right time is a key functionality that can
be provided by microencapsulation. In food products,
fats and oils, aroma compounds, vitamins, minerals,
colourants and enzymes are encapsulated.

The process of the encapsulation of sensitive
compounds consists of two steps: the first is often
emulsion production: emulsification of core materials
with dense solutions of wall material; the second is
drying or cooling of emulsion by some chemical or
mechanical process; and at the end of these processes
microparticles can be obtained [1]. The two major
industrial encapsulation processes are spray drying and
extrusion [2]. Table I summarizes literature reviews
that focus on these technologies, where the two steps of
microencapsulation are performed by the combination
of so-called membrane emulsification and spray drying.

Membrane emulsification (ME) is a relatively new,
simple emulsion-production method which can be
conducted with the use of a microporous membrane.
Other emulsification processes within this category,
besides ME and spray drying, include simple blending
as well as homogenization; and secondary reactions that
recover the capsules from the emulsion are interfacial

*Correspondence: albert.krisztina@etk.szie.hu
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polymerization, vacuum heat treatment, solvent
diffusion and freeze drying. Different materials are used
as the dispersed phase and wall materials of the
microcapsules. The continuous phase is typically water.

2. Experimental

The main objective of this study was to initially prepare
emulsions and form microcapsules using three different
methods. The first approach was conventional
membrane emulsification. The second one was
conducted by a modified ME process. The third
involved the use of a laboratory blender. In all three
cases, the second step was the spray-drying technique to
recover the microcapsules from the emulsions.

2.1. Samples and Measurements

All chemicals (maltodextrin, Tween-80 emulsifier) were
procured from Shop.Builder, Hungary and Sigma-
Aldrich, Germany. Commercial-grade sunflower-seed
oil was purchased from a local market in the vicinity of
Budapest.

2.2. Membrane Emulsification Apparatus

A cross-flow membrane emulsification system was used
as the emulsification process (Fig.l). The apparatus
included two manometers positioned at the opposite
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Table 1. Summary of examples from the literature of microencapsulation technologies.

Emulsification  Secondary reaction Dispersed phase / Wall material
oil / polyvinylpyrrolidone (PVP) [3]
spray-drying fish oil / whey protein isolate (WPI), whey protein hydrolysate (WPH), sodium
membrane . . o caseinate, rnaltode.xtr%n [4] ' '
emulsification interfacial polymerization  benzene, xylene, liquid paraffin / terephthaloyl dichloride (TDC) [5]
vacuum heat treatment oil / polyethersulphone (PES) [6]
solvent diffusion oil / polycaprolactone (PCL), dichloromethane (DCM) [7]
freeze-drying chloroform + curcumin / poly(lactic-co-glycolic acid) (PLGA) [8]
extra virgin olive oil / gelatin, gum arabic, starch, lactose, maltodextrin [9]
olive oil + a-Tocopherol / maltodextrin, agave inulin, acacia gum [10]
walnut and chia oil / maltodextrin, (hydroxypropyl)methyl cellulose [11]
blending and spray-drying ginger oi'l / caghew gum, inulin [12] .
homogenization walnut oil / skimmed milk powder (SMP), SMP+Tween 80, SMP+maltodextrin

[13]

Nigella sativa oil / sodium caseinate, maltodextrin [14]
chili seed oil / sodium octenylsuccinate starch, maltodextrin [15]

freeze-drying

Ziziphora clinopodiodes essential oil / whey protein isolate (WPI), pectin [16]

ends of the membrane to measure the drop in pressure
along the membrane. The pressure of the dispersed
phase was guaranteed by compressed air from an air
pump which was injected from the outer surface of the
membrane. The continuous phase was recirculated on
the lumen side of the membrane by a pump. A
rotameter, placed at the exit of the membrane, allowed
the flow rate of the continuous phase to be measured.

2.3. Microencapsulation Process

Microcapsules were prepared by a tubular ceramic
membrane with a pore size of 1.4 um (PALL Austria
Filter GmbH). The membrane was composed of a-
alumina and the surface area of the active membrane
was 50 cm’. Cross-flow operation was adopted for
emulsion production. The first emulsion was prepared
using a conventional membrane emulsification
technique. The wall material (maltodextrin) was
dissolved in the continuous phase (water) and
sunflower-seed oil was dispersed into it. The direction
of flow of the dispersed phase was tangential with the
surface of the membrane. Otherwise, in the second case
the wall material was mixed with sunflower-seed oil.
This mixture was considered as the dispersed phase and
it was pressed through the membrane pores under
pressure. In both cases the pressure of the dispersed
phase was 2.5 bars and the recirculation flow rate of the
continuous phase was 150 dm® h™'. In the third case the
emulsion was prepared at room temperature using a
laboratory blender at 2,000 rpm for 40 minutes.

2.4. Spray Drying

The emulsions prepared were spray dried with a
laboratory-scale spray dryer (LabPlant SD-05) equipped
with a nozzle of 0.5 mm in diameter. The pressure of
the compressed air in terms of the flow of the spray was
adjusted to 3.6 bars. The air temperature at the inlet was
maintained at 180+5 °C, and the feed rate was adjusted
to 475 cm® h™, respectively. Emulsions were prepared
during the spray drying process and were continuously
stimed by a magnetic stirrer throughout. The

microcapsules were collected from the -collecting
chamber and stored in darkness until analysed.

2.5. Analysis of Microcapsules

Following the emulsion preparation, the average droplet
size and span value were measured by a FRITSCH
Laser Particle Sizer ANALYSETTE 22 NanoTec. Each
sample was analyzed three times and the average data
reported. The span value was considered as an
indication of the dispersity of the droplet size. The
lower the span value, the more monodisperse the

emulsion. ~A  VHX-6000 digital microscope
manufactured by KEYENCE was used to check the
formation of microcapsules and evaluate their
morphology.

2.6. Surface-Oil Content and
Microencapsulation Efficiency

The procedure modified by Calvo et al. [9] to determine
the surface-oil content and microencapsulation
efficiency was employed to measure the amount of
unencapsulated oil present on the surface of the
powders. Briefly, 5 g of microcapsules were precisely

Figure 1. Experimental set-up for the cross-flow
membrane emulsification process: (1) continuous
phase tank, (2) graduated disperse phase tank,
(3) membrane module, (4) pump, (5) compressor, (6)
pressure meter, (7) rotameter, (8) pressure controller,
(9) valve on drain, (10) valve, (11) heating / cooling
(thermostat).
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Table 2. Results of emulsification.

Droplet size =9.18 pm

Conventional meth- Span = 1.5

od using ME (1) Average flux = 368.36 dm® m>h’!

New method DroplEt size =7.58 pm

using ME (2) Span =1.72 32
Average flux =159.29 dm’ m™h

Laboratory Droplet size =7.12 pm

blender (3) Span = 1.88

weighed in a beaker and 50 cm’ of hexane was added
and shaken by hand for 15 s at ambient temperature to
extract the superficial oil. The solvent mixture was then
filtered through filter paper, and subsequently the
unencapsulated oil was collected after evaporation of
the hexane under a vacuum. To measure the total
amount of encapsulated oil, the same procedure was
conducted, but the powder of microcapsules in hexane
as an extraction solvent was stirred for 4 h using a
magnetic stirrer. For the production of microcapsules in
oil, the encapsulation efficiency (EE) is an important
parameter which is strongly related to the amount of oil
on the surface, and was calculated using the following
equation:

Total oil - Surface oil
Total oil

EE = x 100 (1)

3. Results and Analysis

The first part of this section presents the results in terms
of the production of sunflower-seed oil/water emulsions
by conventional and modified-membrane emulsification
techniques using a laboratory blender, then the
encapsulation  efficiency = and  the  physical
characterization of the obtained microcapsules are
presented.

3.1. Results of Emulsification

The results of particle-size measurements are

_ens: Z5200:X1000

Figure 2. Microscopic image of emulsion sample at
1000x magnification.

Table 3. Oil encapsulation efficiency of microcap-
sules.

Conventional method with ME (1) 364 %
New method with ME (2) 345 %
Laboratory blender (3) 28.2%

summarized in Table 2. The average droplet sizes were
9.18 um, 7.58 pm and 7.12 pm in the three different
emulsification cases. The average droplet size of
microcapsules prepared in the modified way, when the
wall material was mixed with the dispersed phase, was
lower than those prepared using the conventional
technique.

In 2000, Joscelyne, along with his co-worker,
reported that for membrane emulsification, the size of
synthesized emulsion particles might be 2-10 times
greater than the pore size of the membrane. The present
investigators used a microporous membrane with a pore
size of 1.4 um and it was found that in all three cases
the average size of the synthesized microcapsules is in
line with the conclusion reached by a previously
mentioned research group [17]. As an example, the
shape and morphology of synthesized microcapsules
prepared by the modified ME methods are shown in
Fig.2.

3.2. Spray-Drying Results

Sunflower-seed oil microcapsules were obtained by
spray drying the oil-in-water (O/W) emulsions. The
novelty of the approach adopted in the present study is
that it utilizes membrane emulsification, which is a low-
energy technology, to produce sunflower-seed oil/water
emulsions stabilized by maltodextrin which has been
dried by spray drying. The results, represented in 7able
3, show that the encapsulation efficiency is enhanced by
this modern method, the highest values correspond to
microcapsules produced by this membrane technology.
By comparing the encapsulation efficiency of
microcapsules produced by conventional
microencapsulation techniques with our laboratory-
developed method, it should be mentioned that there is

Figure 3. Image of microencapsulated sunflower-seed
oil powder produced by conventional ME at 500x
magnification.
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Figure 4. Image of microencapsulated sunflower-seed
oil powder produced by modified ME at 500x
magnification.

no significant difference in terms of encapsulation
efficiency.

The surface and external morphologies of the
microcapsules of sunflower-seed oil were studied using
optical microscopy (Figs.3-5). In terms of particle
morphology, the microstructures of the powders
containing maltodextrin as a wall material were
generally spherical in shape, homogeneous and
exhibited a smooth surface as seen in the microscopic
images. In 2015, Kog¢ et al. [18] reported that the
smooth surface of microencapsulated extra virgin olive
oil using maltodextrin is related to the low-molecular-
weight sugar content of maltodextrin. These low
molecular weight sugars may act as plasticizers on the
surface of the particles during spray drying. In their
study, when WPI (whey protein isolate) was selected as
the wall material, the particles exhibited a rough surface
compared to those containing maltodextrin.

4, Conclusion

Our work focused on basic research in terms of
microcapsule production under a laboratory set-up. The
main aim of the present investigation was to gain
experience with regard to the preparation of
microcapsules by membrane emulsification in
combination with spray drying using a novel technique
and to compare it with the conventional one. The
operation of the process and its basic correlations were
the primary foci of this paper. Based on the results
obtained it is possible to draw up experimental plans
that refine and optimize the process. The results of this
work demonstrate that a modified membrane
emulsification technique, in which the wall material is
mixed with the dispersed phase and not with the
continuous phase, combined with spray drying can be
used to produce microcapsules of sunflower-seed oil
that possess an appropriate oil-encapsulation efficiency.

Figure 5. Image of microencapsulated sunflower-seed
oil powder produced by a laboratory blender at 500x
magnification.
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Esters of short chain acids and alcohols are found in nature as compounds of flavors. Lately the method for
their manufacture has been the enzymatic esterification in non-conventional media. Although several reactions
have been studied in various media (organic solvents, ionic liquids, supercritical fluids, solvent-free systems),
there has been no systematic investigation to clarify the effects of chain length and order of alcohols on the ac-
tivity of the enzyme. In this work acetic acid was used as an acyl donor and the roles of the linear and branched
chains of C,-Cg primary, secondary and tertiary alcohols on the activity of Novozym 435, the widely used lipase
preparation were studied. Both the length of the carbon chain and the order of the alcohol were found to strong-
ly influence the activity of the enzyme using the same operational parameters for the reactions. As a result of
this project general conclusions were made with regard to the characters of alcohols affecting the reaction rates,

which can be applied to other similar reactions.

Keywords:
lipase activity

1. Introduction

Enzyme technology provides a promising solution for
the biosynthesis of natural flavor esters, since several
enzymes are able to catalyze the synthesis of aroma
compounds from precursor molecules [1]. Nowadays
most flavor compounds are manufactured by conven-
tional methods: chemical synthesis or recovery from
natural sources. Esters produced chemically are quite
common, but their method of production is not consid-
ered environmentally safe and cannot be classed as
“natural”. Recently interest has been growing in the
production of these components by biotransformation,
that is the manufacture of natural flavor esters by using
natural raw materials. Lipases belong to the most di-
verse class of enzymes, they catalyze various reactions
due to their wide spectrum of industrial applications.
Lipase enzymes have been applied in many industrial
sectors, e.g. the food and pharmaceutical industries, in
the production of biological detergents (esters of carbo-
hydrates), moreover in the manufacture of certain cos-
metics and fragrances. Recently interest has grown in
the production of natural flavor esters by the biosynthe-
sis of short chain acids and alcohols [2,3].

Several similar reactions have been studied, most
of which focused on the synthesis of acetates, like ethyl

*Correspondence: gubiczal@almos.uni-pannon.hu

enzymatic esterification, non-conventional media, effect of alcohol chain lengths,

[4], butyl [5], hexyl [3], cinnamyl [6], and benzyl [7]
acetates.

During the investigation of the reactions® parame-
ters the roles of temperature, the molar ratio of acid to
alcohol and the amount of enzyme were described in
almost every paper. From these data the optimal values
of these parameters could be estimated. Numerous reac-
tions were carried out in organic solvents [8, 9], ionic
liquids [10, 11], supercritical fluids (mainly in super-
critical carbon dioxide) [12], solvent-free systems [13],
in addition to in the gas phase [14]. Since these reac-
tions can be conducted in non-aqueous media, the water
content, to be more precise the water activity of the re-
action mixture plays an extremely important role in
terms of the reaction rate. For the operation of the en-
zyme lipase it is necessary to provide a minimal amount
of water. On the other hand it is an equilibrium reaction,
thus the greater excess of water shifts the reaction to-
wards hydrolysis, decreasing the conversion rate signif-
icantly. The investigation of the effect of water content,
or at least an intention to adjust the initial water content
by a constant value is missing in several papers. The
water content during the reaction continuously changes
due to the production of water in the esterification. This
effect can be neglected during the investigation of the
initial reaction rates, but in terms of the development of
continuous production it should be taken into account.
A number of methods are known to maintain water con-
tent/activity. From a practical point of view membrane
separation processes, like pervaporation provide attrac-
tive procedures [15].
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Beyond the parameters mentioned and the water
content, only a limited attention was paid to the role of
substrates present in the reaction. As pointed out earlier,
acetic acid was the acidic component used in most cas-
es. The alcohols applied, however, were much more
diverse: linear and branched chains, aromatic and dif-
ferent orders of alcohols were investigated. Neverthe-
less our group has not found a single study in the litera-
ture where systematic research was conducted to assess
the role of alcohols on enzyme activity.

The effect of the chain length of various alcohols
was investigated in reactions catalyzed by enzymes in
non-conventional media. Romero and colleagues con-
ducted experiments in supercritical carbon dioxide us-
ing four different alcohols: propanol, butanol, pentanol
and octanol. It was found that higher degrees of conver-
sion could be obtained by applying longer chain alco-
hols. Enzymes have a higher affinity towards longer
chain alcohols, the difference, however, was small [16].

In another paper Romero used butyric acid as an
acyl donor and the enzyme Novozym 435. An insignifi-
cant difference was observed in terms of the reaction
rate or conversion during esterification when the four
primary alcohols (propanol, butanol, hexanol and oc-
tanol) were applied. Applying secondary alcohols, e.g.
2-hexanol, however, yielded higher reaction rate and
conversion than was the case with 2-butanol [17].

Pan et al. studied how the chain length of alcohol
compounds can influence the resolution reaction of
mandelic acid. Using methanol, ethanol, butanol, hep-
tanol and octanol it was found that the highest degree of
enantioselectivity could be obtained by ethanol. Moreo-
ver the reaction was described as following Michaelis-
Menten kinetics in all cases and the inhibition constant
increased as the carbon chain go longer [18].

Varma and Madras investigated the esterification
of propionic acid and three different alcohols by the
enzyme Novozym 435 in supercritical carbon dioxide.
Primary (isobutanol, isoamyl alcohol) and secondary
alcohols (isopropyl alcohol) were used, as well. Based
on the measurements, it was concluded that enzymatic
esterification was faster with primary alcohols than with
secondary alcohols, moreover a greater degree of con-
version was achieved with isobutanol than with isoamyl
alcohol [19].

Therefore the aim of this paper was to study the
role of alcohols by the preparation of a given enzyme
whilst maintaining the operation parameters as con-
stants. The esterification primary, secondary and tertiary
alcohols of C,-Cg carbon chain lengths were investigat-
ed to be able to draw general conclusions concerning
the role of alcohol structure on reaction rate. For the
measurements a popular immobilized lipase enzyme
preparation, Novozym 435, was used.

2. Experimental

2.1. Chemicals and Enzymes

All chemicals: acetic acid, ethanol, 1-propanol. 1-
butanol and n-hexane (Merck), 1-pentanol, 2-pentanol
tert-butanol (2-methylpropan-2-ol) and 1-hexanol (Sig-
ma-Aldrich); 1-heptanol (BDH Chemicals); 1-octanol
and isobutanol (2-methylpropan-1-ol) (Spektrum-3D);
isoamyl alcohol (3-methylbutan-1-o0l) (Molar Chemi-
cals); and 2-propanol, 2-butanol, tert-amyl alcohol (2-
methylbutan-2-ol) and toluene (Reanal) were of analyti-
cal grade. The water content of the chemicals varied
greatly, that is why they were dewatered over a 3A mo-
lecular sieve in the form of beads (Sigma-Aldrich).

The enzyme used was Novozym 435" from Can-
dida antarctica lipase B, immobilized on a macroporous
acrylic resin with a water content of 1-2% w/w, which
was kindly provided as a gift by Novo Nordisk A/S,
Denmark. According to their commercial product man-
ual, its catalytic activity was 7000 PLU/g (propyl laurate
units/gram).

2.2. Reaction and Analysis

Reactions were carried out in 50 mL Erlenmeyer flasks
on a laboratory incubator shaker (IKA incubator shaker,
KS 4000i) at 150 rpm and 50 °C. The typical reaction
mixture contained acetic acid (0.5 mmol), alcohol (3.0
mmol), Novozym 435 lipase (60 mg) and n-hexane (20
mL). The reaction was commenced by adding the en-
zyme.

The gas chromatography (GC) analyses for the de-
termination of ester concentrations were conducted by a
HP 5890 A gas chromatograph, with an HP-FFAP col-
umn (Macherey-Nagel), split: 70 kPa, N,: 19 c¢m®/min,
using a flame ionization detector (FID). Toluene was
used as an internal standard, the changes in ester yield
were followed during the reaction. Samples were taken
after reaction times of 0.5, 1.0, 2.0 4.0 and 6.0 min. The
water contents of the reaction mixtures were determined
by a Mettler DL35 Karl Fisher titrator.

3. Results and discussion

Although several publications have presented results on
the production of flavor esters, the optimal initial condi-
tions suggested were quite different and a high degree
of deviation was found among data in the literature.
Firstly the average of the literature data was used for
our preliminary experiments. Based on these figures the
following initial parameters were applied: in the reac-
tion mixture the molar ratio of acetic acid to alcohol
was 1:6, and 20 ml of n-hexane, 20 mmol of toluene and
60 mg of the enzyme Novozym 435 were added to it.
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Table 1. The effect of water content on ester yield in
the esterification of acetic acid and isoamyl alcohol Table 2. Ester yields using secondary alcohols
Time (b 0.0% 0.3% 0.5% 0.7%
ime .
Ester yield (%) Secondary alcohol Ester ylcz});i)after 4h
()
0 0.0 0.0 0.0 0.0
0.5 32 16.7 18.5 20.5 2-propanol 358
1 8.3 28.8 334 30.7 2-butanol 44.8
2 158 502 483 46.7 2-pentanol 205
242
4 733 68.2 60.3 cially interesting, because a significant drop in yield
6 33.1 85.4 79.7 68.5 was observed compared to the other linear, 8-carbon-

3.1. The effect of water content

Experiments had to be conducted to determine the cor-
rect water content since it could not be found in the lit-
erature. The esterification of acetic acid and isoamyl
alcohol — a reaction that has been quite frequently stud-
ied — was investigated under the conditions mentioned
earlier. During the measurements completely dried reac-
tion mixtures (0 % w/w water content) were used and
others adjusted the initial water content to the levels of
0.3, 0.5 and 0.7 % w/w by adding water. As can be seen
from the data of Table 1, the reaction was extremely
slow in the case of completely dried solvents and rea-
gents — as was expected. The reaction rate began to rise
when the water content grew slowly (and approached
the optimal value) due to the water forming in the reac-
tion.

Based on the experimental results an initial water
content of 0.3 % w/w was applied to further measure-
ments since this water concentration provided the high-
est yield. The yields of esterification after a reaction
time of 4 h were presented in Fig./, where the meas-
urements were taken under the conditions given earlier,
with an adjusted and the same initial water contents.
The yields of esterification were sufficiently high to
observe the differences caused by the different struc-
tures of alcohols, but saturation levels were not reached
and the distinct amounts of water formed during the
reaction did not affect such a tendency either.

3.2. Primary alcohols

Our study involved linear and branched alcohols
with a chain length of C,-Cs. As can be seen from Fig. /
for primary alcohols, the yield increased as the length of
the carbon chain grew. The effect of chain length was
investigated by Romero using propanol, butanol, hexa-
nol as well as octanol and a similar conclusion was
drawn: acetic acid conversion was greater with alcohols
of longer chain lengths, thus the yields of esterification
were higher, as well [16].

As far as branched primary alcohols were con-
cerned, the opposite trend was observed: the yield of
esterification decreased as the chain length increased. At
the beginning of the reactions the differences were only
minor: only a difference of 3 % was observed in the
yields in the cases of alcohols consisting of a carbon
chain of 4 or 5. The behavior of isooctanol was espe-

chain alcohols — a far smaller amount of ester was
formed in the reaction mixture.

3.3. Secondary alcohols

In this work three secondary alcohols: 2-propanol,
2-butanol and 2-pentanol were used. As presented in
Table 2, an increase in ester yields was observed as the
carbon chain length of secondary alcohols grew, as
well. The values, however were not as high as for pri-
mary alcohols. Neji et al. observed a similar behavior
when butanol and 2-butanol were used in the esterifica-
tion reaction [20]. Although both alcohols could per-
form esterification, yields of esterification were 50 %
lower for secondary alcohols.

3.4. Tertiary alcohols

Among tertiary alcohols tert-amyl alcohol and tert-
butanol were used, however, the enzyme was not able to
convert them into esters using acetic acid. From the
literature, Stavarache et al. applied tertiary alcohols for
transesterification in the production of biodiesel [21].
Similarly no activity was observed during their experi-
ments, not even when using ultrasonic radiation.

3.5. Discussion of the experimental results

Although our experimental results did not reveal entire-
ly general conclusions, which are valid in all cases, ob-
vious relationships could be formulated for certain
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Figure 1. Ester yields during the reactions of acetic
acid and primary alcohols after a reaction time of 4 h

45(2) pp. 35-39 (2017)



38 MARKUS, BELAFI-BAKO, TOTH, NEMESTOTHY AND GUBICZA

groups of alcohols. It is certain that for alcohols with a
linear carbon chain of C,-Cg in length, the conversion
rate increases proportionally to the lengthening of the
carbon chains. As for branched alcohols, the opposite
tendency can be observed: yields were found to de-
crease as the carbon chain grew.

The relationship is more obvious when the order of
alcohols is taken into consideration. Yields of esterifica-
tion decreased in the following order: primary alcohol >
secondary alcohol > tertiary alcohol (noting that tertiary
alcohols did not react at all under the conditions used by
Novozym 435). By applying other enzymes, e.g. car-
boxylesterase from Bacillus licheniformis, small de-
grees of conversion were measured, but remained close
to the limit of detection [22]. In an attempt to justify
such behavior, it can be assumed that access of the hy-
droxyl group of the alcohol to the active centre of the
enzyme is severely sterically hindered in the case of
secondary and especially tertiary alcohols, which cause
enzyme activity to decline or even cease.

4. Conclusion

The expected reaction rate produced by a given enzyme
can be predicted according to characteristics of the al-
cohol used, namely carbon chain length, linear or
branched, and the order in production of flavor esters by
enzymatic esterification of natural acids and alcohols.
The expected ester yield of the esterification reaction
using acetic acid as an acyl donor depends on certain
characteristics of the alcohol according to a well-
defined tendency. It can be assumed that a similar ten-
dency (though distinct in terms of rate) could be ob-
served for other enzymes regarding the effect of the
alcohol. This should be studied separately to decide
whether a similar tendency could be detected if various
acids are used with the same alcohol.
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The main achievements of liquid—liquid extraction (LLE) of fermentative organic acids from their aqueous
sources using a diverse range of ionic liquids are summarized since the first study appeared in 2004. The litera-
ture survey is organized in consideration of the distinct chemical structures of the organic acids. The acids dis-
cussed include mono- or dicarboxylic ones (butyric, L-malic and succinic acids), acids bearing both carboxyl
and hydroxyl groups (L-lactic, citric and mevalonic acids), and volatile organic acids (mainly acetic acid). Infor-
mation is given about ionic liquids applied in recovery, and the resultant extraction efficiencies and partition co-
efficients. As the topic is novel and experimental studies scarce, the selection of the ionic liquids that were test-
ed still seems random. This may well change in the future, especially after improving the ecological and toxico-
logical characteristics of the ionic liquids in order to bring about an “in situ” method of extraction without harming

the microbial producers of the organic acids.

Keywords:

1. Introduction

Room temperature ionic liquids (ILs) exist as molten
salts at ambient temperature and consist entirely of ions,
usually a charge—stabilized organic cation and an
inorganic or organic anion. ILs can be tailored to a wide
variety of applications by combining different ions [1]
and for this reason they are often called “designer
solvents”. ILs exhibit a broad range of unique
properties, including negligible vapor pressure, high
thermal stability and low chemical reactivity [2]. The
union of these particular properties, together with finely
tunable density, viscosity, polarity and miscibility with
other common solvents favor the application of ILs in
different kinds of separation and reaction processes [3—
8].

Considering the benefits that arise from the
properties of ILs, Matsumoto et al. [9] first proposed an
environmentally friendly system for the extraction of
fermentative L-lactic acid. They used hydrophobic
[C.Ciim][PF¢] instead of volatile organic solvents as
diluents of reactive organic bases. These ILs proved to
be nontoxic towards the lactic acid producing bacterium
Lactobacillus rhamnosus, but provided low degrees of
solubility of the reactive amines which resulted in
insufficient levels of extraction efficiency. Nevertheless,
these results suggest possible applications of ILs in
extractive fermentations.

*Correspondence: konstantzatonova@yahoo.com

extraction, ionic liquid, organic acid, recovery, re—extraction

2. Discussion on the organic acids
extracted and the ionic liquids applied

2.1. Butyric acid and phosphinate—based ILs

The most remarkable results regarding the partition
coefficient of an organic acid in an IL have been
documented with regards to the extraction of butyric
acid, the four—carbon fatty acid, with phosphinate-based
([Phos]) ILs. [Pgge14][Phos] and a novel ammonium
phosphinate, [C,C,C,C{N][Phos], were studied [10-11].
Distribution coefficients of about 80 were obtained
using the low concentrations of butyric acid, and the
extraction efficiency was just as high in the pure (water
saturated) IL as in the IL/water/dodecane reversed
micellar solution. The ammonium phosphinate absorbed
a relatively high amount of water until saturation was
achieved, ca 21 wt%. (about 12 water molecules per ion
pair of the IL), which implies that an aqueous biphasic
system was formed.

2.2. Dicarboxylic acids and phosphonium- or
imidazolium-based ILs

Among phosphonium-based ILs, [Ps6614]Cl seems the
most suitable extractant for the recovery of low and
moderate concentrations of dicarboxylic L-malic acid in
aqueous solutions [12]. The other phosphonium-based
ILs and higher acid concentrations entrain third-phase
formation, especially in the case of [Pg 6 6.14][Phos] when
a large amount of the acid content (ca 40%) remains
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uncovered in both phases. The [Pg¢¢14]Cl-rich phase is
also the best extractant for another dicarboxylic acid,
succinic acid [12]. Extractions with [Dec]- and [Phos]-
based ILs resulted in a substantial amount of
undetectable acid in both phases, which was attributed
to the formation of complexes between the organic acid
and the extractants that were not quantified.

More recently succinic acid attracted special
attention in a comprehensive study where the extraction
was carried out by aqueous biphasic systems (ABS) of
alcohols/salts or imidazolium-based ILs/salts [13].
Successful recovery was achieved by both systems.
Succinic acid preferentially migrates to the IL-rich
phase in all systems formed of [C¢C,im|Br and a
kosmotropic salt (phosphate, sulfate, carbonate or
citrate). The IL salted out by (NH4),SO, or K,CO;
exhibited the highest levels of extractability. The pH
values of these systems were quite different. The pH of
the system with (NH,),SO4 was 3.43 which is below the
pK, values of succinic acid (pK,; = 4.21, pK,, = 5.72),
while pH = 10.50 for K,CO; greatly exceeded the pK,s.
This suggests that unlike the aqueous biphasic systems
with alcohols, the extraction capacity of the IL/salts
systems towards succinic acid is not pH—dependent and
is most likely related to the proper nature of the solvent
(IL/salt) and the solute (acid). For the same IL,
[C¢Cim]Br, an excellent solvating capacity to the lactic
acid was reported [14] so that the acid could be
extracted from a concentrate of white wine. This way
the extraction efficiencies of the ABS of
[C¢Cyim]Br/(NH,),SO,4 or K,CO; are comparable to
those obtained with the hydrophobic IL [Pg¢6.14]Cl [12].
Moreover, the re—extraction efficiency achieved was
superior at ~71%. Succinic acid was obtained in a
crystalline form by direct precipitation with sodium
hydroxide.

2.3. Acids with both hydroxyl and carboxyl!
groups and phosphonium- or
imidazolium-based ILs

Different types of phosphonium-based IL biphasic
systems were applied for L-lactic acid recovery. An
extraction efficiency of above 80% was achieved by
using either pure [Pggg14][Phos] [12] or a mixed
biphasic system of [Pge614]Cl and an inorganic
kosmotrope, MgSO, [15]. The kosmotropic salt engages
more water molecules when hydrated thus rendering the
microenvironment of the acid more hydrophobic which
favors the undissociated form of acid suitable for
extraction. All extraction systems of phosphonium-
based ILs with long side chains suffer from the common
disadvantage of forming stable emulsions or a third
phase between the IL-rich phase and aqueous solution.
This drawback is avoided by applying ILs of an
imidazolium cationic moiety, however, in the majority
of the cases these ILs exhibit low levels of extraction
efficiency towards lactic acid [9,16] and other acids
bearing both hydroxyl and carboxyl groups (citric and
mevalonic acids) [16].

TONOVA
An  advantageous ABS of imidazolium
saccharinate, that possesses a long side chain,

[Cg/10Ci1im][Sac], has been exploited lately and it was
shown that when it is combined with an inorganic
kosmotropic salt (that retains water from solubilization
into the IL-rich phase) an extraction efficiency of 81%
and partition coefficient of 5.5 could be achieved [17].
The extraction yield of lactic acid was as high as 90% in
a two—step recovery by [CgC im][Sac] with or without
the addition of a kosmotropic salt (MgSO,4). Moreover,
successful acid re—extraction of 95% from the IL-rich
phase was attained by means of a solution containing an
alkaline kosmotrope, K,HPO,.

2.4. Volatile fatty acids and phosphonium-
based ILs

Apart from culture broths, fermented wastewater
streams still represent an unexploited source of platform
chemicals, including volatile organic acids. Volatile
fatty acids are versatile carboxylic acids involved in the
synthesis of bioplastics and other value—added
chemicals [18]. The composition of fermented
wastewater typically contains ~1 wt% of volatile fatty
acids, but also a significant amount of various dissolved
salts. The low concentrations of the volatile fatty acids
and the large quantity of inorganic salt-originating ions
result in pH—values of between 4 and 6, which are in
favor of the deprotonated acid form and thus do not
support complexation with the IL. The distribution of
acetic acid between model solutions with or without
salts and different solvents, including phosphonium-
based ILs, was recently studied [19]. Similarly to the
butyric and lactic acids [10,20], the low concentration
of acetic acid and the use of [Pg¢6 14][Phos] were the
best conditions to obtain the highest partition coefficient
in the IL—rich phase starting from an idealized aqueous
solution containing only the acetic acid. In the presence
of salts (KCl, Na,SO, or Na,HPO,), however, the
partition coefficients reported for [Psg614]Cl were the
highest in the series of ILs tested and exceeded even
those obtained in the classical extraction by
trioctylamine (TOA)/n-octanol. [Pgg14]Cl as a solvent
has an inevitable drawback related to its measurable
level of leaching into the aqueous phase due to the
hydrophilicity of the [CI]. Contrary to [Pgge.14]Cl,
[P6’6’6,14][Ph05] and [P6’6’6,14][N(CN)2] were found to be
highly stable as significant leaching was not detected in
the aqueous phases [19]. Extraction by [Pg6.14][Phos],
however, was strongly affected by the ions of the salts
present in the feed, while [Pgg614]Cl and
[P666.14][N(CN),] kept extraction capacities constant for
acetic acid. When the source contained different acids,
mimicking actual fermented wastewater, it was found
that the growing hydrophobic domain in the acid leads
to higher degrees of extraction. Butyric acid was the
most extracted acid from the fermented wastewater,
while lactic acid was the most challenging acid to
extract. By modifying the solvent properties of
[P666,14][Phos] by sparging pressurized CO,, a further
increase in the extractability of acetic acid was observed
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[21]. The effect was attributed to the altered structure of
the fluid which becomes more accessible for the acetic
acid. This finding constitutes a general concept for the
improvement of extraction processes other than those
involving volatile fatty acids.

ILs can act as solvents and simultaneously mediate
reactive extraction to valorize low-titer volatile fatty
acids. This has been recently shown through an IL—
mediated esterification of acetic acid recovered from
dilute aqueous streams [22]. The acids produced in
anaerobic digestion or fermentation were transferred to
a nonvolatile hydrophobic phase where they reacted
with an alcohol (ethanol) in order to generate volatile,
value—added esters of low solubility. [P ¢¢14]-1Ls were
selected for their potentially high extracting capacity
and hydrophobicity. Their hydrophobic character
provides a water-excluding site for esterification and a
nonvolatile carrier for the evaporation of the ester
produced. Significant accumulation of acetic acid in the
IL was achieved by using [P ¢6.14][N(CN),], but this
was mainly due to the exchange of [N(CN),]” for the
acetate anion as the dicyanamide anion was found to
hydrolyze under the extraction conditions used,
including at an elevated temperature (75 °C). Contrary
to the extraction, [P6,6’6,14][N(CN)2] and [P6,6,6,14]C1
appeared to be the worst media for performing
esterification, while the best was [P 614][Tf2N], which,
however, is poor and costly extractant. Thus an IL of
combined anions, CI" + [Tf,N], was tested which could
be used in a multistage way. Starting from an aqueous
stream of 0.33 mol dm™ acetic acid, 0.44 mol dm”
accumulated in the mixed [Pggg614]CIH[T,N] which
allowed an esterification conversion of 56% to be
achieved over 30 min.

3. Conclusion

ILs are commonly considered more sustainable than
classical organic solvents. It is well known that the
toxicity level of conventional solvents to microbes
limits their compatibility with fermentation broths.
However, the label of “green solvent”, assigned to the
ILs, has led to the delusion that they are nontoxic and
biodegradable, which is not true about some of the most
employed ILs. For example, the commonly used
[Pss614]Cl may be regarded as toxic in aquatic
environments exhibiting much higher levels of
ecotoxicity compared to ordinary organic solvents [23].
The biocompetitiveness and biodegradability of ILs are
not still convincingly argued for [24-25]. The need for
novel extractants with improved characteristics from
ecological and toxicological standpoints can be put
forward. By taking into account that aqueous streams
and bioorganics are treated, the environmental impact of
ILs should be resolved as a result of future studies.

SYMBOLS

IL’s cationic moiety:

[C.Ciim] 1-alkyl-3-methylimidazolium
[C.C.C,CiN] trialkylmethylammonium

[Pe.6.6.14] tetradecyl(trihexyl)phosphonium
IL’s anionic moiety:

[Dec] decanoate

[N(CN),] dicyanamide

[Phos] bis(2,4,4-trimethylpentyl)phosphinate
[Sac] saccharinate (which is a benzoic sulfimide)
[TEN]  Dbis(trifluoromethylsulfonyl)imide

Other:

TOA trioctylamine
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CARBON DIOXIDE DESORPTION FROM AN MEA-WATER SOLUTION
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Carbon dioxide desorption from a monoethanolamine (MEA) solution using a hydrophobic polydimethylsiloxane
(PDMS) tubular membrane on a ceramic support is presented. The effects of operating parameters such as feed
temperature, liquid flow rate and MEA concentration on mass transfer were examined. The mass transfer of CO,
from the liquid to gaseous phase was predicted by a multilayer film model with an accuracy of £25%. Research
into new selective materials is needed to develop more efficient and environmentally friendly CO, capture tech-

nology

Keywords:

1. Introduction

Fossil fuel combustion from power plants is one of the
most significant sources of CO, emissions [1]. The sep-
aration of carbon dioxide from gases can be realized by
processes such as adsorption, absorption, low tempera-
ture distillation and membrane separation. The absorp-
tion of carbon dioxide in amine based solutions is cur-
rently the most widespread method in industry for the
post-combustion capture of CO, [2].

The advantage of chemical absorption in amine so-
lutions is the fact that at higher temperatures the chemi-
cal reaction can be reversed and the amine recycled. On
the other hand, obstacles include a relatively low CO,
capture capacity, solvent losses caused by evaporation,
thermal stability, highly corrosive characteristics, eco-
toxicity and biodegradability in the natural environment
[2-4]. Tt was shown that MEA and diethanolamine
(DEA) might promote potential long-term toxicity ef-
fects towards living organisms [5,6]. In addition the
regeneration step may increase the total operating costs
of the capture plant by up to 70%, especially for prima-
ry and tertiary amines where the heat of reaction is quite
high [7].

The amine scrubbing processes carried out in
packed columns are currently most widely used in in-
dustry for the post-combustion capture of CO,. Limiting
factors for the application of this technology are its size
and large capital costs. The mass transfer performance
of this solution can be reduced by flooding, foaming
and entrainment conditions.

*Correspondence: zenz@iich.gliwice.pl

MEA, desorption, carbon dioxide, hydrophobic membrane, PDMS

In comparison to the studies on CO, absorption in
MEA solutions there are only a few concerning CO,
desorption, despite the fact that the stripping unit is re-
sponsible for most of the separation cost of the process
[8].

It is important that materials used in the processes
concerning post-combustion capture of CO, exhibit low
or no environmental effects. Various tubular membranes
were operated as catalyst supports [9]. Recently a new
type of ceramic hollow fiber membrane contactor has
been studied [10]. This kind of membrane can be modi-
fied to be hydrophobic which enables it to be applied
for CO, absorption-desorption in amine solutions. In
this study the process of CO, removal from an MEA
solution using a hydrophobic polydimethylsiloxane
(PDMS) tubular membrane on a ceramic support was
investigated.

2. Experimental

2.1. Experimental setup

The experimental setup shown in Fig./ consisted of a
membrane module, reactor vessel, cooling system, as
well as circulation and vacuum pumps. The hydropho-
bic PDMS membranes on ceramic support (ceramic
tubes with an outer diameter of 0.01 m and length of
0.25 m using a PVM 250 membrane module made by
Pervatech BV) was studied.

The feed was circulated by a pump and the flow
rate was controlled by a flowmeter. In all experiments
the feed temperature was stabilized by a thermostat
(£1°C). The permeate was condensed and collected in
cold traps immersed in liquid nitrogen. The vacuum
pump was used to maintain the pressure between 7 and
10 mmHg on the permeate side. The concentration of
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Figure 1. The experimental setup: 1 — membrane
contactor, 2 — feed tank, 3 — cold traps, 4 — circulation
pump, 5 — vacuum pump, 6 — heater

carbon dioxide in the permeate was calculated by meas-
uring the mass of carbon dioxide and water in the ana-
lyzed permeate sample. The pressures on the feed and
permeate sides were measured by pressure gauges. The
temperatures of the feed in the reactor vessel, before and
after the membrane module were measured by thermo-
couples.

Pure monoethanolamine (MEA) and deionised wa-
ter were used to prepare the liquid-feed solution. After-
wards the obtained solution was loaded with CO, by
bubbling pure CO, in a magnetically stirred vessel until
the required carbonation ratio, o, was achieved. In our
experiments the carbonation ratio was determined by
measuring the mass of absorbed CO, in the amine solu-
tion at a given temperature.

Additionally, independent pervaporation experi-
ments with the same PDMS membrane under similar
thermal and hydrodynamic conditions for a 2-propanol
— water mixture were performed to estimate the mem-
brane resistance (1/ky).

2.2. Experimental results

The performance of the PDMS membrane was exam-
ined experimentally. The operating temperature was
between 323 and 348K (50 and 75°C), liquid flow rate
between 20 and 600 I'h and the MEA concentrations
were 5, 10 and 15 wt%.
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Figure 2. The effect of Re number on CO, mass flux
(T = SOOC, WMEA = 10 Wt%)
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Figure 3. The effect of Re number on selectivity (T =
50°C and WMEA = 10 Wt%)

The effect of liquid flow rate on the CO, mass flux
and selectivity is presented in Figs.2 and 3 for the tem-
perature of 323K (50°C) and 10% MEA concentration.
The selectivity of the process is defined as follows:

_ (Wco2 (I_WCO2 ))p (1)
(Wco2 (- Weo, )) 7

The measured fluxes increase with the Reynolds num-
ber. The highest values were obtained for Re>10,000
(turbulent flow). This can be explained by the CO, mass
transfer increase in the liquid phase for turbulent re-
gime. The measured selectivities rise with the Reynolds
number and for turbulent flows reach the value of 10.

The operating temperature is an important parame-
ter as far as the efficiency of the membrane is concerned
as shown in Fig.4. For a given turbulent liquid flow rate
the measured CO, mass fluxes rise with the feed tem-
peratures due to the increased driving force in favour of
CO, mass transfer. The selectivity does not change sig-
nificantly with the operating temperature, Fig.5.

The effect of the MEA concentration on mass flux
and selectivity is presented in Figs.6-7 at an operating
temperature of 323K (50°C) and turbulent flow (Re of
about 40,000).

The measured mass fluxes do not change signifi-
cantly with MEA concentration (Fig.6), because of the
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Figure 4. The effect of feed temperature on CO, mass
flux (Wyga = 10 wt%)
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Figure 5. The effect of feed temperature on selectivity
(Wnmea = 10 wt%)

relationship between equilibrium constants of the CO, -
MEA reaction and the CO, solubility in water at a given
temperature. The selectivity decreases with MEA con-
centration as a result of the rising amount of CO, ab-
sorbed in the MEA solution and the constant CO, flux
in the permeate, see Fig.7.

3. Mathematical model and calculation
results

When CO, is absorbed in aqueous monoethanolamine
(MEA) solution, the following reactions can be written
as [11]:

CO, +RNH, — ,RN*H,COO" 2)
RN*H,COO™ +RNH, —®', RNH + RNHCOO~ (3)
The formation of carbamate is well understood and the

rate of the forward reaction has been determined as first
order with respect to both CO, and RNH,:
r=ke:[CO,][RNH, ] “4)

During the desorption process the differences in the
concentration of the component and the temperature
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Figure 6. The effect of MEA concentration on CO,
mass flux

selectivity

between the inlet and outlet in the liquid phase are
very small. Therefore, the desorption rate may be
simply calculated using the arithmetic mean value of
CO; in the liquid phase.
With this assumption we can calculate the mass fluxes
of CO, can be calculated as follows:

)

.
Neo, =KL (xco2 ~*co, )

where Nco, [kmol/s] is the flux of CO, and K
[kmol/m’s] is the overall mass-transfer coefficient of the
liquid phase.

The overall mass-transfer coefficient for CO, can
be evaluated by a resistance-in-series model [12].

The numerical calculations based on model equa-
tions were performed and estimated values of mem-
brane resistance (1/ky) used. In the calculations the ex-
perimental values of the Henry’s constant for CO, in
water and MEA under standard conditions are 1.2456
and 1.5732, respectively [13]. The enhancement factor
of the chemical reaction of CO, in the liquid phase, as
defined by DeCoursey [14], was between 20 and 60.
The viscosity of the water—MEA mixture was calculated
according to a Grunberg and Nissan equation [15]. Cal-
culated and experimental values of CO, mass fluxes are
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Figure 8. Comparison of calculated values of CO,
fluxes with experimental ones

45(2) pp. 45-49 (2017)



48

ZIOBROWSKI AND ROTKEGEL

shown in Fig.8. The scattering of calculated and exper-
imental values of CO, mass fluxes was within the range
of £25% .

The experimental values of CO, mass fluxes were
compared with those obtained from the literature for
CO; stripping in a ceramic hollow fiber membrane con-
tactor [10]. In spite of the different types of membrane
type and hydrodynamic conditions the measured values
of CO, mass fluxes were comparable in both cases.

Conclusions

The application of a membrane in the process of CO,
stripping from MEA solutions avoids some technical
problems that are encountered in industrial practices.

The PDMS hydrophobic tubular membrane on a
ceramic support can be applied for the removal of CO,
from MEA solutions. In developed turbulent flows the
measured CO, mass fluxes and selectivities do not
change significantly with Re number (Figs.2-3). The
measured CO, mass fluxes increase as the feed tempera-
ture rises (Fig.4) and slightly depend on the MEA con-
centration (Fig.6). The measured and calculated CO,
mass fluxes are in good agreement with each other
(Fig.8). The +25% variation in scattering can be ex-
plained by the accuracy of the correlations, experi-
mental precision and simplification of the model.

4. SYMBOLS

C - concentration, kmol m™

D - diffusion coefficient, m” s

K, — overall mass transfer coefficient, kmol m? s
ky — mass transfer coefficient of the membrane, kmol m? s™
N — mass flux kmol m™s™!

r — reaction rate, kmol s™!

Re — Reynolds number

S — selectivity

T — temperature, K

w — mass fraction

x — mole fraction of CO, in the liquid phase

superscripts

* - refers to equilibrium
subscripts

calc — calculation

CO, — carbon dioxide
exp - experimental

f— feed

G — gaseous phase

L — liquid phase

p - permeate
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