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ARTICLE INFO ABSTRACT

Keywords: In this study, PFC system is investigated to improve the concentration and yield of lysozyme. The research
Multiple probe cryo-concentrator focused on an attempt to thoroughly construct an ice crystallizer with measurable and optimized design pa-
Sustainable

rameters for an efficient lysozyme protein concentration procedure because the productivity of PFC is always an
issue. A new Multiple Probe Cryo-Concentrator (MPCC) device was designed and successfully equipped with
probes having a well-distributed cooled surface area for ice crystallization with proper internal cooling tem-
perature control as well as a solution movement mechanism provided by a stirrer in the tank. The impact of
different operating parameters is optimally investigated. Central Composite Design (CCD) is utilized to optimize
PFC operating conditions and their response to partition constant (K-value) and solute yield. The results showed
that a coolant temperature of -12 °C, stirrer speed of 350 rpm, operation time of 40 min and initial concentration
of 10 mg/mL gave the best K-value (0.132) and solute concentration yield (87.39 %). The design elements of the
equipment are crucial in providing improved PFC performance. The study revealed that the PFC system designed
and applied in this study can improve the lysozyme protein concentration as needed in the food and pharma-
ceutical industry.

Lysozyme protein

Biochemical engineering

Non-thermal

Sustainable food production and energy
efficiency

Ultrafiltration, dialysis, precipitation, and chromatography are a few
of them. However, due to its ease of use, the freeze concentration

1. Introduction

Lysozyme is an antibacterial peptide with high enzymatic activity
and positive charges. It has been used as an antibacterial agent in the
food and pharmaceutical industries. The most abundant and readily
available type of lysozyme in the market is egg-white lysozyme [1]. The
need for purified proteins is currently growing, particularly for appli-
cations in the culinary, biochemical and pharmaceutical industries, with
fewer or no shortcomings. To study and analyse the adaptability, eco-
nomic aspect, simplicity, along with high quality and quantity of lyso-
zyme concentration various researchers on a laboratory scale and
industrial experts on an industrial scale developed and refined lysozyme
purification technologies from hen egg white. There are about three
different strategies that prior researchers have recommended [2].

* Corresponding authors.

approach has recently caught the attention of researchers in lysozyme
purification. Table 1 lists earlier technologies that have been investi-
gated by researchers in the past until now. Looking at the disadvantages
of other methods, this study suggests concentrating lysozyme using
gradual freeze concentration method. Freeze concentration works by
turning the water in a solution into ice crystals, in doing so the solution
is concentrated. In addition to creating a concentrate of high-quality
freeze concentration has various advantages as compared to evapora-
tion and membrane technology. The process takes place at a low tem-
perature where there is no vapour-liquid interface and hence no volatile
losses [2]. Due to the less complicated separation process, industrial
freeze concentration has recently been developed based on a one-step
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Table 1
Comparison of progressive freeze concentration technologies used in the literature.
Method Type Results Disadvantages Year Reference
Precipitation Alcohol extraction Fresh yield: 54.4 % More alcohol; partial loss of 2010 [56]
Dried yield: 89 % lysozyme activity; reduced
recovery of lysozyme
Aqueous two-phase Thermoseparating random copolymer Yield: 85 % Lysozyme Concentration= 2.3 g/1 High cost of materials; low 2010 [57]
system purity of lysozyme
Ion-exchange Anion-exchange chromatography + Yield: 70 % Long times required; low 2010  [58]
chromatography chromatographic separation capacity; complicated reactions
and equipment.
Multi-method Direct crystallization, ion-exchange Ion-exchange chromatography: effect isolation = 70 ~ Long time required 2012 [59]
chromatography and ultrafiltration -85 %
methods Ultrafiltration: effect isolation = 15-20 %
Ion-exchange Natrixadsept TM weak cation-exchange Protein concentration ethanol soluble egg white= Long times required 2012 [60]
chromatography membranes (+hydrogel layer attached to ~ 36.9 % in pure Low capacity
a polymer matrix) Lysozyme= 85.7 %
Ion-exchange Amberlite FPC 3500 ion-exchange resin Final lysozyme= 88.90 + 1.93 Long times required 2013  [61]
chromatography Low capacity
Ion-exchange FPC3500 cation-exchange resin, the Laboratory scale 289 g of egg white=89.72 +1.93%  Long times required 2014 [62]
chromatography sequential separation method Large scale 3625 g of egg white = 88.72 + 3.61 % Low capacity
Freeze Yield = 51.8 % Double wall beaker with one finger probe and More time consumption 2014  [42]
concentration Time= more than an hour separation method used centrifugation Less of production
Less increment yield
Multi-method Lysozyme partially purified egg white Ethanol precipitation + ion exchange Contaminate with ethanol 2015 [63]
lysozyme extracted from kampong chromatography solution
chicken= 5800 pg/mL
Cihateup duck= 5500 pg/mL
Commercial laying hens= 5400 pg/mL
Dialysis Removal rates of lysozyme were Eight polymer membrane columns with four of them  Limitation study because 2017 [64]
significantly lower in BPA-coated: p- were coated with a BPA product lysozyme is adsorbed by several
value=0.22 polymers only
Ultrafiltration Best membrane polymer concentration =  Membrane solutions with different polymer High maintenance due to 2017  [65]
19 % w/w concentration of Polyehtersulfone/N-Methyl clogging pores
Yield lysozyme = 97 % pyrolidone/water
Dialysis Macroscopic ultrathin protein membrane More time required (4 h) 2018 [66]
High maintenance of
replacement membrane
Ultrafiltration High flow velocity Tubular UF membrane with ceramic membrane, High maintenance due to 2019  [67]

Transmembrane pressure Time= 5 h

composed of a galumina support and an active layer
of TiO2, with an asymmetric pore structure

clogging pores
Long time consuming

system, which is PFC, as compared to conventional freeze concentration.
The PFC is built on a similar idea but it grows a single larger ice mass
that forms and grows on the chilled exterior, simplifying the process of
separation from the mother solution. This facilitates the liquid’s sepa-
ration from the concentrated liquid on the ice block’s cooled surface [3].
To achieve high-end product concentration and reduce operation time
for subcutaneous delivery, there are various significant obstacles [4].

Other concentration methods like reverse osmosis and evaporation
have some drawbacks as well as benefits, such as the high processing
cost of achieving the required osmotic pressure and for replacing
damaged membranes brought on by clogging, the high energy re-
quirements, and the risk of biological structure destruction from the
high temperatures used. All of the issues and drawbacks may result in a
decrease in the quality of the protein, and occasionally inadequate
production of highly concentrated protein. It is crucial to overcome
these significant obstacles to enable a successful operation of PFC pro-
cess for lysozyme protein concentration [5]. To boost productivity and
provide the ideal environment for the most efficient lysozyme concen-
tration using a non-thermal process, the goal of the present research
relies on building a new ice crystallizer based on progressive freeze
concentration phenomenon with optimized design parameters. In PFC,
the development of an ice crystal lattice should potentially reject all
contaminants to form highly pure ice, leaving behind an increased
concentration of protein solution. Additionally, molecule size has little
impact on the PFC process [6]. Literature shows that this procedure for
protein concentration is not being employed to date. To propose a new
method of achieving the desired concentration of protein solution, it is
crucial to analyse the impact of process conditions on protein
concentration.

To improve the existing methods of lysozyme concentration, the
purpose of this study is to search for a novel alternative method.
Consequently, a new piece of equipment was fabricated having a set of
multiple probes for ice crystallisation and named as multiple probe cryo-
concentrator (MPCC). The newly designed probes maximize the surface
area available for interaction between the solution and the cooled sur-
face. The surface area offered by MPCC was compared with the tradi-
tional PFC arrangement to objectively evaluate this study. Although
MPCC has been reported to concentrate cucumber juice, however, it is
important to observe the capability of the same apparatus to handle a
more sensitive material such as lysozyme [7]. This study aims to
ascertain the effects of multiple process variables on the partition con-
stant (K-value), solute concentration yield (%), concentration index (CI),
and average ice growth rate (ice) of lysozyme protein concentrate. These
variables include coolant temperature ( °C), operation time (min), stirrer
speed (rpm), and initial concentration (mg/mL). Optimization of protein
concentration process has been performed in previous literature [8-10].
Ekpeni et al., [8] employed response surface methodology (RSM) to
optimize protein concentration yield from homogenized baker’s yeast.
Similarly, Szerman et al., [9] performed RSM to increase the efficiency
of whey protein concentration.

Following the design features investigated, RSM is used to determine
the best operating parameters for the coolant temperature (°C), opera-
tion time (min), stirrer speed (rpm) and initial concentration to achieve
the designed MPCC system’s best performance. The choice of technology
utilised in the protein concentration process is crucial for maintaining
the method’s effectiveness, efficiency, and affordability. In addition to
providing a PFC process with a more efficient heat transfer phenome-
non, this newly developed MPCC intensifies the protein purification
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Fig. 1. (a) Schematic diagram of multiple probe cryo-concentration system, (b) Dimensions of the stirrer and solution tank, (c) Progressive freeze concentration using
MPCC concentrator and (d) Fabrication of progressive freeze with MPCC concentrator.

technique as it can be proven from this work to be a useful advanced
process in carrying out lysozyme concentration that could ensure no
volatile loss and preserve the protein quality as it can be conducted at a
sub-zero temperature.

2. Materials and methods
2.1. Materials

As a model for a protein antibody solution, lysozyme from chicken
egg white powder (crystalline), CAS number 12,650-88-3 was pur-
chased from Sigma-Aldrich (M) Sdn. Bhd. to form the solution. In the
water bath, water mixed with 50 % ethylene glycol (purchased from
Sigma-Aldrich) was utilised as the solution coolant medium placed in
the jacket of the cylindrical vessel. The freezing point of ethylene glycol-
water cooling medium depends very largely on its percentage with water
and at 50 %, the freezing point is brought down to —37 °C. R22 gas was

employed in the probe cooling system (Embraco, Brazil) which has a 464
W cooling capacity with the capability to bring the temperature down to
—10 to —20 °C.

2.2. Construction of multiple probe cryo-concentrator (MPCC)

This work engaged MPCC as the main apparatus for the PFC
approach. The design is inspired by ice crystallization technology [11].
The apparatus, which consists of a cylindrical stainless-steel tank with a
3200 mL capacity, an internal diameter of 15 cm, a height of 20 cm, and
a thickness of 0.1 cm, is designed as depicted in Fig. 1(a) and (b). The
target solution was injected into the cylindrical vessel, where ice crys-
tallisation was used to accomplish the separation procedure. At the
bottom of the tank is a motor-operated stirrer with a variable speed that
is used to manage the rate of movement of the ice front and solute [12].
The stainless-steel probe with five fingers (called probes) that is shown
in Fig. 1(c) has a hollow interior that is filled with coolant gas (R22).
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Fig. 2. Process flow diagram of experimental setup along with different instruments and components.

Through appropriate copper tubing and direct supply to the probe that
was submerged in the solution tank, this refrigerant system cools the
solution [12,13]. The five-probe set was created as shown in Fig. 1(c) to
be able to spin at 180° inter-defectively while stirring it at a speed that
will optimize the production of ice on the probe’s exterior and ensure
that the solution is well mixed. To prevent the solution’s heat from
transferring, the cylindrical vessel’s exterior is covered in a coolant
jacket made of polyurethane foam. In addition, a space between the
cylindrical vessel and the coolant jacket has a space for ethylene
glycol-water coolant solution that is supplied directly from the water
bath to maintain the solution’s temperature around the freezing point of
pure water (2 °C).

2.3. Experimental procedure

Firstly, the lysozyme solution was prepared by dissolving the powder
in water to achieve a range of initial concentrations to be investigated.
This is to cater for the real food and pharmaceutical industry where the
lysozyme solution can be in various concentrations before it can be
concentrated for further processes and products. The UV-Vis spectro-
photometer (UV-mini-1240, Shimadzu, Japan) was used to measure the
starting concentrations in this investigation, which ranged from 6 to 14
mg/mL at a wavelength of 280 nm. The lysozyme solution was intro-
duced into the cylindrical tank and allowed to cool until it approached
the freezing point of pure water (2 °C). This allowed the ice crystal-
lisation process to begin in the PFC experiment. The volume capacity of
the tank is 3200 mL and continuously supplied with the ethylene glycol-
water solution in the jacket to maintain the temperature at 2 °C. To start
the PFC process, the stirrer in the tank was set to the preferred speed
(200 to 400 rpm) to provide movement for the lysozyme solution to
facilitate optimal ice formation on the exterior surface of the probes and
assist solute separation [12].

The probes were then placed inside the cylindrical vessel containing
the lysozyme solution and instructed to rotate 180°. The cylindrical
vessel was ensured to be airtight to stop heat from escaping into the
environment. The temperature of the coolant gas was adjusted to the
required range (—14 to —6 °C) [14]. The stopwatch was started as soon
as the target temperature was achieved, marking the beginning of

operation time (20 to 60 min). A thermocouple (type-K) data logger
(PicoLog USB TC-08 with Development Kit Linux software, made by Pico
Technology United Kingdom and acquired from RS Components (M)
Sdn. Bhd.) was used to track the temperature of the solution inside the
cylindrical vessel. The data logger continuously presented this infor-
mation online for a simple process of monitoring. Fig. 2 represents the
schematic of the process experimental setup. The cryo-concentration
procedure was stopped once the intended time frame was finished.
The multiple probes were then set aside of the vessel and thickening of
the ice layer was observed on the probe fingers. The remaining solution
(concentrated) was drained and the ice crystals formed were immedi-
ately collected as samples. The trials were then repeated with varied
operational parameter values, with only one parameter changing per
iteration while the others were maintained fixed. Using a UV-vis spec-
trophotometer, the contents of lysozyme were determined in both
concentrated and thawed solutions.

2.4. Design of experiment

The experimental setup was used to optimize partition constant (K-
value) and solute concentration yield of lysozyme and to develop a
procedure that is sustainable and energy-efficient. The variables are
coolant temperature (—16, —14, —12, —10 and —8 °C), operation time
(20, 30, 40, 50 and 60 min), stirrer speed (250, 300, 350, 400 and 450
rpm) and initial lysozyme concentration (6, 8, 10, 12 and 14 mg/mL)
respectively. For the studied parameters the partition constant (K- value)
and solute concentration yield were calculated as responses.

2.5. Determination of protein concentration

Using a UV-vis spectrophotometer, the absorbance of a sample of
lysozyme solution was measured to calculate the protein concentration
in the sample [15]. For each run, a concentrated lysozyme sample
(sample 1) and an ice sample (sample 2) were taken and then examined
to determine the lysozyme protein absorbance. The protein concentra-
tion was measured based on a calibration curve constructed using
bovine serum albumin (BSA). BSA samples were kept in the freezer for
preservation before being used and then mixed with chilled acetone at a
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1:5 ratio in a test tube. This test tube was then centrifuged for 35 min at
2500 rpm. After the centrifugation, an additional 5 mL of chilled acetone
was added to the sample. This sample was again centrifuged at 2500 rpm
for an additional interval of 10 min. After centrifugation, the material
was then examined for its protein concentration for calibration
purposes.

2.6. Evaluation of process behaviour and system efficiency

Using Eq. (1) to analyse the behaviour of the FC process, the effective
partition constant (K-value) was calculated to identify the effect of
variables on the FC experimental data [16]. Where CL and CO represent
the lysozyme concentrations in the concentrated and starting solution in
g/mL, and VL and VO represent the volume of the concentrated and
original solution in millilitres [17]. The MPCC system’s design is focused
on the concentration process. It is thought that solute recovery, Y, is
required to assess the solute concentration yield. Solutes should be fully
rejected from the developing ice crystal to achieve the ideal concen-
tration rate. However, depending on the experimental circumstances,
the solutes might be stuck in the ice crystal. Following Eq. (2) is used to
define solute concentration Y (%) [18].

log&e
K=1- gf,t €))
log%
CL m
:CTEEL ©))

where m; and mg are the mass of the concentrated and initial solution in
g. At the end of the PFC procedure, the concentration index (CI) was
calculated to assess the effects of an operating parameter or variable.
The link between an aqueous solution’s initial and final concentrations
is also shown. This relationship can be studied using the following Eq.
(3) [16]. Where Xs liq is the solute concentration in the liquid (mg/mL),
Xso is the starting concentration (mg/mL), and CI is the concentration
index. To ensure excellent quality and concentration in the product,
kinetics is one of the top priorities in the PFC process. The kinetics of the
solution is determined by the growing rate of ice crystals on the coolant
wall [19,20]. When the heat of crystallisation travels over the solution
towards the wall, a conductive heat transfer resistance is created (Ehr-
lich et al., 2015) Eq. (4) can be utilized to calculate the average ice
growth rate Vi provided that the limiting factor is heat transfer [21].
Xs lig

CI = A 3)

Y = flo + F1X1 + f2X2 + f3X3 + p4X4 + F12X1X2 + F13X1X3 + F14X1X4 + f23X2X

1424X2X4 + f34X3X4 + F11X12 + 22X22 + f33X32 + p44X42

~ mr;

Vice = AT’;I::; (1 - ws.ice) (106) (4)
m,

Wsice = — ()
mr

where pic. is the density of pure ice (kg/m®), A is the area covered by ice
on the probe’s wall (mz), mr jce is the mass of melted ice-water (kg), T is
the length of time the experiment was run (s), and s ice is the solute
mass fraction (kg/kg) as given by Eq. (5) [22]. Where myg is the mass of
solute in the melted ice-water (kg) and mr is the mass of total ice. The
time, flow rate and speed of the stirrer determine whether the procedure
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Table 2
Experimental range and levels of variables selected for central composite design
(CCD) used to study effective partition constant and solute concentration yield.

Parameter Symbol -o -1 0 +1 +a
Coolant temperature (°C) X -16 —-14 —-12 -10 -8
Operation time (min) Xs 20 30 40 50 60
Stirrer speed (rpm) X3 250 300 350 400 450
Initial concentration (mg/mL) X4 6 8 10 12 14

of the crystalliser can be used to achieve an effective ice growth rate. The
findings of this study will make it possible to comprehend ice crystal
formation processes and phenomena at cooled surfaces in crystallisation
processes with clarity. Additionally, a simplified crystallizer design
using a straightforward heat exchanger is presented. This design will
serve as the foundation for future advancements in the progressive
freeze concentration concept separation.

2.7. Statistical analysis

A central composite design was used to study the effects of four
operating parameters on lysozyme concentration towards K-value and
solute yield (Y (%)), namely coolant temperature X1 ( °C), operation
time X2 (min), stirrer speed X3 (rpm), and initial concentration X4 (mg/
mL), based on the preliminary experimentation results obtained. To
select the range of parameters for this study preliminary screening ex-
periments were performed. The arrangement of experiments is shown in
Table 3 and Table 4 respectively. The trials were carried out individu-
ally, and the software recommended 26 runs at five levels with two
repetitions and an axial point (at selected @ = 2.0). Based on initial
screening experiments the central composite design (CCD) was used to
evaluate two responses of K-value and solute yield as shown in Table 2.

2.8. Optimization process

The optimization of operating parameters including coolant tem-
perature X; ( °C), operation time X5 (min), stirrer speed X3 (rpm) and
initial concentration X4 (mg/mL) towards K-value and solute concen-
tration yield was investigated using RSM tool using Statgraphics
Centurion15.2.11.0 version 8.0 [23]. The most popular fractional
factorial design in RSM was employed called the Central Composite
Design (CCD) which is widely used to identify certain optimum value
combinations and to associate the K-Value and solute yield to other in-
dependent variables, with the regression model [24] as shown in the
following equation (Eq. (6)).

©

where Y is the response value predicted, B is the regression constant, p1,
B2, Pk are the coefficients of regression. Design Expert software (version
6.0.4, Stat-Ease, Inc.) was utilized to calculate the regression model for
the predicted response, and statistical analysis of the data, also the ad-
equacy of the model was checked for future predictions. Based on the
Design of Experiments (DOE) an experimental design was built where
Xy, X, X3 and X, are termed as independent variables. Table 2 displays
the low, middle and high levels for all the parameters. The central
composite design (CCD) was used to perform the extreme measures and
presented by —a and +a which are shown in Table 2. The CCD design
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Table 3

Experimental design matrix based on CCD for effective partition constant.
Run Coolant temperature Operation time Stirrer speed Initial concentration K-Value

X1 (°C) X5 (min) X3 (rpm) X4 (mg/mL) Experimental Predicted

1 -10 30 400 8 0.140 0.132
2 -8 40 350 10 0.301 0.226
3 -12 40 350 10 0.140 0.140
4 —-12 40 350 6 0.042 0.012
5 -12 40 350 14 0.099 0.075
6 -16 40 350 10 0.540 0.561
7 -10 50 400 12 0.062 0.087
8 -12 40 250 10 0.390 0.370
9 -10 50 400 8 0.130 0.164
10 -10 30 300 8 0.070 0.127
11 —-14 30 400 8 0.190 0.227
12 -10 50 300 8 0.201 0.219
13 -14 50 400 8 0.281 0.277
14 —-14 30 400 12 0.344 0.336
15 -12 20 350 10 0.216 0.171
16 -12 40 350 10 0.141 0.140
17 -10 30 300 12 0.160 0.174
18 -10 50 300 12 0.172 0.173
19 -12 60 350 10 0.231 0.221
20 -12 40 450 10 0.29 0.256
21 —-14 50 400 12 0.31 0.293
22 —14 30 300 8 0.27 0.256
23 -14 50 300 12 0.394 0.413
24 -10 30 400 12 0.094 0.148
25 -14 50 300 8 0.381 0.366
26 -14 30 300 12 0.39 0.396

Table 4

Experimental design matrix based on CCD for solute concentration yield.
Run Coolant temperature Operation time Stirrer speed Initial concentration Yield

(%)
X; (°C) X5 (min) X3 (rpm) X4 (mg/mL) Experimental Predicted

1 -10 30 400 8 69.35 72.26
2 -8 40 350 10 37.73 34.34
3 -12 40 350 10 86.76 87.39
4 -12 40 350 6 84.86 74.56
5 —-12 40 350 14 55.54 63.43
6 —-16 40 350 10 90.06 91.04
7 -10 50 400 12 46.02 50.31
8 —-12 40 250 10 76.42 72.16
9 —-10 50 400 8 46.09 45.29
10 —-10 30 300 8 69.35 68.96
11 —14 30 400 8 84.14 86.77
12 —-10 50 300 8 36.76 48.71
13 —14 50 400 8 72.86 76.55
14 —14 30 400 12 89.47 84.60
15 -12 20 350 10 76.94 79.28
16 -12 40 350 10 88.02 87.39
17 -10 30 300 12 45.49 48.89
18 -10 50 300 12 47.08 39.75
19 -12 60 350 10 64.66 59.92
20 -12 40 450 10 77.16 79.01
21 -14 50 400 12 89.81 85.49
22 —14 30 300 8 87.69 90.48
23 —14 50 300 12 77.76 81.94
24 -10 30 400 12 71.06 66.17
25 —-14 50 300 8 86.80 86.98
26 —14 30 300 12 78.23 74.33

matrix was used to create the table for the chosen range of parameters.
The software recommended 26 runs at five levels with two repetitions
and an axial point; experiments were conducted based on this table to
enable the PFC system to be optimised. After the optimization, the ac-
curacy of the suggested model by RSM was validated by performing

experiments on optimized conditions.

3. Results and discussion
3.1. Ice formation

At the end of each designated operation time in the experiments, it
can be seen that an ice layer had been formed on the cooled probes of the
MPCC as shown in Fig. 1(d). The lysozyme content was determined
using the lysozyme solution standard graph calibrated using UV-vis
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average ice growth rate, (c) Effect of stirrer speed on K-value and solute yield and (d) Concentration index and average ice growth rate.

spectrophotometer [15]. The highest peak for lysozyme solution
absorbance was observed at 280 nm using UV-vis spectrophotometer. In
comparison, the concentrated lysozyme sample was seen to be thicker,
portraying a higher concentration. Thawed ice was observed to be
comparatively clearer than the initial lysozyme solution. The lysozyme
concentration in the thawed ice and the residual solution was affected
by the experimental settings, which included a coolant temperature of
—10 to —14 °C, a stirrer speed of 200 to 400 rpm, an operation period of
20 to 60 min, and an initial lysozyme concentration of 6 to 14 mg/mL.
The solute movement throughout the operation and thawing might have
caused the migration of solutes to the liquid phase from the ice crystals,
which leads to a clearer ice crystal and less concentrated solution [12].

3.2. Study of various operating parameters

3.2.1. Effect of coolant temperature

The behavioural study as affected by coolant temperature also served
as an initial screening to select the range for the optimization study to be
performed. Fig. 3(a) depicts the ratio of solute in the solid and liquid
phase (K-value) and Y as the yield of the concentration achieved through
MPCC system. Only until the temperature reached —6 °C during the
experiment runs did the first layer of ice form, although it was still not
solid. It was also observed that the ice layer filled the solution tank’s
space at —16 °C. Thus, for the optimization study, the coolant temper-
ature range was decided accordingly between these two values, and
determined to be from —10 to —14 °C, to provide some space for the
extreme o values in the optimisation process. The coolant temperature is
very important to control as it controls the solute loss from the solution
[25]. The K-value was found to be lowest at a coolant temperature of
—12 °C, while the solute concentration yield exhibited the highest
values at this temperature, indicating the PFC system’s efficiency

through the MPCC process. Under these circumstances, it is advanta-
geous that the solute concentration in the ice phase is lower than that in
the liquid phase. Additionally, temperature has a direct proportionate
effect on the rate of ice formation [25,26].

Although it is favourable to produce as much ice as possible to get the
most concentrated solution. The setpoint for coolant temperature should
be determined carefully as it could be higher than the solution’s freezing
temperature at the particular concentration. The setpoint for coolant
temperature is significantly lesser than the pure water as it is affected by
the freezing point depression phenomenon caused by the solute con-
centration [27]. In this investigation, lower coolant temperature resul-
ted in a higher concentration of lysozyme in the liquid fraction, but not
at the lowest (—14 °C). The lowest coolant temperature might have
caused the ice growth to be too rapid, trapping the solute from its tra-
jectory direction [28]. Fig. 3(a) clearly shows that, in tandem with an
increase in solute concentration in the process’ liquid phase, K-value
falls when coolant temperature drops to —12 °C. However, K rose
because of solute inclusion or the solute retained in the ice as a result of
the rapid cooling at the lowest coolant temperature of —14 °C [29]. The
high growth rate of ice crystals leads to the enhanced trapping of solutes
between the ice dendrites that would transport heat away from the
freezing front [30]. The solute yield in Fig. 3(a) is also derived from the
mass solute ratio in the liquid fraction and beginning concentration.
Similarly, the optimal coolant temperature was —12 °C, which yielded
>90 % of the solute yield. Additionally, the K-value and solute yield are
shown to be indirectly related to one another, with K-value decreasing as
performance increases and Y increasing as the system performs at its
peak. The lysozyme solution was more concentrated at lower coolant
temperatures but slightly decreased at higher coolant temperatures,
which is an interesting discovery.
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The eutectic mixture has an association with heat transfer and the
ice-liquid interface, where the lysozyme aqueous solution requires a
lower coolant temperature to allow pure water to form the crystal lat-
tices [26]. The freeze concentration concept, which is established on the
freezing and growing of ice crystals from aqueous solutions supports this
phenomenon [3]. The ice crystal lattice would lead to the formation of a
solution with enhanced concentration, which as a result will eliminate
contaminants to accumulate pure crystal [31]. However, extremely low
coolant temperatures will cause the solute’s mass in the liquid solution
to be trapped in the rapid growth of the ice at the lowest coolant tem-
perature (—14 °C). To provide evidence on the ice growth that can be
severely affected by the coolant temperature, a calculation of concen-
tration index (CI) and average ice growth rate was performed giving out
the plots in Fig. 3(b). It is observed from the figure that at the highest
coolant temperature (i.e., —6 °C) concentration index (CI) was low and
then it gradually increased with lower coolant temperatures applied
afterwards. Theoretically, the solution inside the system should have
first undergone a chilling process before continuing into freezing [26],
this shows that the coolant temperature is insufficient to completely
freeze the water present in the solution. The ice nuclei continued to
develop into high-purity ice at other lower temperatures applied, giving
the finest CI value at a coolant temperature of —12 °C because the
temperature of the solution was low enough for nucleation to take place
and subsequently grow to produce a solid block of ice crystal [12].
However, at —14 °C, the trend changed where the value of the CI
decreased. At this lowest coolant temperature, the ice thickness was
impressively the largest. However, a thicker ice layer does not neces-
sarily indicate higher quality; not if the cooling process was done too
rapidly which would induce higher solute entrapment in the solid matrix
[26,32]. This is evident through the increased calculated ice growth rate
at 5.91 um/s at this temperature.

A higher value of ice growth rate was observed at low coolant tem-
peratures [33]. The lower coolant temperature caused more dendritic
ice to form, which can speed up the crystal formation by increasing the
interface between the ice and the solution. According to Miyawaki et al.

[34] the growing rate of ice crystals is controlled by the coolant tem-
perature, whereas the creation of ice crystals is influenced by the
cryo-concentration or freezing principle. The slow rate of ice growth can
also be observed at the nucleation point where the solution temperature
can be affected by the fusion heat released from the production of ice
nuclei at the beginning of the ice crystallisation process these findings
are in agreement with the previous literature [34]. However, because of
a lower surface temperature and a larger temperature differential be-
tween the cold probe surface and the entering solution, the CI values at
—14 °C, the coolant temperature, were slightly lower than at —12 °C.
Additionally, it gave ice nucleation formation and appropriate initial
supercooling, which has an impact on the enclosure of solute in the ice
[25]. However, this phenomenon was found different for ice growth
rate, as a direct relation was observed between the production of
average ice growth rate and higher coolant temperature (—14 °C) that is
5.91 um/s. Due to increased concentration at the solid-liquid interface
solute loss increases and this phenomenon takes place [35].

3.2.2. Effect of stirrer speed

As the production and purity of ice crystal layer in PFC is greatly
influenced by the solution movement which promotes the digression of
solutes from the solid interface, the effect of stirrer speed was investi-
gated. For screening, a stirrer speed of 100 rpm was first selected but
unfortunately, it was observed that only a very thin layer of ice was
formed due to the low interaction between solid-liquid or liquid-liquid
interface and low heat transfer. The screening experiments were
continued until the initial ice layer was formed on the probe’s surface at
the speed of 200 rpm. The stirrer speed of 400 rpm was selected based on
the fact that the thickness of ice was reduced to the previous speed
screened. The studies were conducted with a constant coolant temper-
ature of —12 °C and in the 200-400 rpm range, based on the screening
experiments. Furthermore, a 40 min operation period and a starting
concentration of 10 mg/mL were chosen for additional testing. The
findings from the screening process were also used to set the range for
the RSM in the process optimisation afterwards. Fig. 3(c) illustrates at
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200 rpm stirrer speed the K-value was found to be 0.36, which decreased
to 0.098 when the stirrer speed was increased to 350 rpm. Furthermore,
it was observed that the K-value was again increased to a value of 0.49
when the stirrer speed was increased to 400 rpm. This could be related to
the phenomenon that took place due to a decrease in the driving force
needed to remove the solute from the ice crystal layer and a tendency to
accumulate more solute in the ice phase as compared to the liquid phase
[36].

Additionally, at the applied constant coolant temperature heavy
accumulation of solute was taking place at the ice-liquid interface,
which led to increased solute concentration in the ice formed that re-
quires swift washing provided by the stirrer speed to avoid poor sepa-
ration as a result of the low purity of the ice produced [37,38]. Yahya
et al. [32] claimed that high stirrer speed may lead to the favourable
washing of ice that results in increased solute concentration in the liquid
phase. However, extreme care for balance is needed because if the stirrer
speed is too high, low ice volume might be yielded, hence making the
production of highly concentrated lysozyme solution in the end impos-
sible. It was observed that the solute yield of lysozyme in the liquid
fraction was directly proportional to the stirrer speeds from 200 to 350
rpm. Theoretically, stirring a solution would give mass transfer and heat
transfer dispersion to create ice crystals, but if the undercooling is
occurring at a level within the metastable zone, crystallisation will not
take place except that ice seeds are introduced into the solution [39].
This indicates that greater speed is required to create an ice crystal
lattice on the probe’s cold surface. During the crystallisation process, the
heat transfer would also rise between the solution and the cooled sur-
face, changing the distribution of kinetic energy under the impact of
stirrer speed [40]. According to Ojeda et al. [41] agitation causes a
positive movement in the liquid phase, resulting in a larger mass transfer
coefficient that transfers the solid-liquid interface into the bulk of so-
lution and affects concentration in the liquid phase. As a result, almost
pure water would be produced upon separation from the formed ice
layer.

However, when the stirrer was operating at a high speed of 400 rpm,
less ice was formed, and the amount of water in the concentrate
increased, lowering the concentration of the solution [39]. Fig. 3(d)
depicts that the CI increased with an increase in stirrer speeds giving its
maximum at 350 rpm, in contrast with the average ice growth rate
which kept decreasing with the increased solution movement. Both CI
and ice growth rates are not favourable at 400 rpm. The ice volume at
400 rpm might be low because of the shear force created by the solution
movement from the rapid stirrer speed, thus producing a low average ice
growth rate. As much as the high ice volume is needed for a good con-
centration efficiency, the entrapment of solutes in it has to be considered
as well. Thus, although 200 rpm can produce the largest volume of ice, it
was not in the cleanest state, resulting in a lower CI value than 350 rpm.
Low fluid motion from low stirrer speeds influences the mass transfer
rate from the ice front to the liquid fraction [29]. These findings
correlate with the earlier studies where lower productivity was reported
to be independent of concentration [42]. At reasonably high stirrer
speeds, the high velocity makes the solutes redistribute themselves
during the ice crystallization, and kinetic expansion of the ice front
phenomenon also takes place which makes the solutes diffuse away from
the ice solution interface into the bulk solution [40]. Although with
reduced ice mass, enrichment of solute in the bulk solution made the CI
increase because the ice layer still maintains its purity. Implementing
different stirrer speeds allowed for the dispersion of mass and heat in the
solution. As the heat was transferred to the cooling probe, this encour-
aged the ice crystal layer to form on the cooled probe wall [38].

3.2.3. Effect of operation time

The impact of operation time was studied by performing experiments
for 20, 30, 40, 50 and 60 min. To perform this, other parameters such as
coolant temperature (—12 °C), stirrer speed (350 rpm) and initial con-
centration (10 mg/mL) were kept constant. The changes in the mass
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fraction of lysozyme (solute yield) and the ratio of the lysozyme aqueous
solution concentration in the liquid and ice phases (K-value) during the
freeze concentration process are shown in Fig. 4(a). The experimental
data showed that both responses had a varying tendency toward the
operation time. The impurity of the ice grew with time and concentra-
tion, which caused the K-value and yield to be higher and lower,
respectively. The first 20 min were insufficient for the freezing process to
produce complete ice layer creation and were impacted by the ice
fraction [38]. Due to the limited heat transfer interaction at the
ice-liquid interface, this led to an unstable ice structure [29]. This sit-
uation would be regarded as an unstable state for the solid ice phase
since it arises from an incomplete freezing process. The optimal K-value
and solute yield, with 0.0928 and 88.04 %, respectively, were found at
40 min as compared to other operating times. The initial concentration
evolved because, for the particular operating period used, the mass and
heat transfer of the entire process was at equilibrium, which correlates
to the solute inclusion constraints [41].

Flesland et al. [43] reported that solute diffusion into the bulk of
solution from the ice-liquid interface is required to balance the steady
state of ice formation on the probe’s cold surface and the proportion of
solute. Consequently, when crystallised ice first forms and begins to
develop, the solute is rejected by the ice crystal lattice because of its
large molecule size, and the impurities are expelled to create a pure ice
crystal lattice [44,45]. Nevertheless, the K-value increased and the so-
lute yield decreased after 40 min. This demonstrates that a longer
operation time also offsets the rise in solute enclosure in ice and con-
tributes to the alteration of values for both responses. The solute yield
was smaller at 50 min and lower at 60 min (65.22 % and 53.06 %
respectively) while K-value increased. Although solute was lost more
and more in the ice phase as the operation time increased beyond 40
min, the mass of solutes collected in the liquid was still higher than the
solid fraction along with the operation time [46].

From Fig. 4(b) it was observed that CI increased with respect to
operation time until 40 min, but then declined beyond that value. This
could be attributed to the unsteady state of ice nucleation and mass
transfer of the process at the initial stage of freezing giving a lower
concentration ratio in contrast to the liquid phase’s concentration [21].
The heat from the crystallisation process is released into the environ-
ment or upon the cold surface of the probe during freezing when the ice
crystal lattice starts developing. This heat then tends to elute the solute,
producing a pure ice crystal layer [47]. As a result, the process would
eliminate the contaminants, leaving the solutes in the bulk solution [31].
As time proceeded, a higher amount of solute remaining in the liquid
could result in solute concentration occupying the space in the dendritic
ice to increase, lowering the CI [48]. The figure also shows that ¥;c. was
higher at the start which decreased over time. This may be because of
the reason that heat transfer resistance and interface from the solution
concentration increase over time [21]. The higher concentration of
solutes in the liquid fraction also made freezing more challenging by
lowering the solution’s freezing point. The lower V.. should favour the
FC process but an opposite phenomenon was observed. The CI decreased
with the lower ;.. because as anticipated, longer operation time would
yield thicker ice, leaving only a small path for solute trajectory which
would cause them to migrate into the ice layer. More solute will be
entrained in the ice as a result, further thickening the ice [40].

3.2.4. Effect of initial concentration

The last variable, starting concentration, is anticipated to affect the
solution’s freezing point because of the number and kinds of solutes
present. As is well known, the freezing point of a solution will change if
the solute’s molecular weight (MW) is low. This is because of the reason
that as molar mass increases, the depression of the freezing point de-
creases. This implies that a solution’s lower freezing point will result
from a larger initial concentration of the solution [41]. As a result of the
screening process, the initial concentration was studied between 6, 8,
10, 12 and 14 mg/mL. In addition, the coolant temperature (—12 °C), the
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Table 5
Regression coefficients and ANOVA of second-order polynomial model for
effective partition constant and solute concentration yield.
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Table 6
Error predictions from generated models for effective partition constant and
solute concentration yield.

Source Mean square Df  F-Ratio P-Value
K- Yield K- Yield K- Yield
value (%) value (%) value (%)
Xyt 0.1685 482290 1 83.52 89.29 0 0
Xo: 0.0036 562.214 1 1.820 10.41 0.2042 0.0081
X3t 0.0195 70.4523 1 9.690 1.300 0.0099 0.2777
X4 0.0059 185.704 1 2.940 3.440 0.1147 0.0907
X3 0.0704 665.238 1 34.94 12.32  0.0001 0.0049
X% 0.0035 345.223 1 4.260 6.390 0.0633 0.0281
X3 0.0329 151.877 1 4.310 2.810 0.0621 0.1217
X5 0.0100 368.903 1 4.960 6.830  0.0477 0.0241
Xy xg 0.0003 280.562 1 0.170 5.190 0.6923 0.0436
X1 X3 0.0011 49.1401 1 0.580 0.910 0.4618 0.3607
X1 x4 0.0086 15.3664 1 4.260 0.280  0.0433 0.6044
Xax3 0.0036 45.1584 1 1.800 0.840  0.2068 0.3801
XoX4 0.0086 123.432 1 4.310 2.290 0.0421 0.1588
X3x4 0.0009 195720 1 16.32 3.620  0.0020 0.0835
Total error 0.0020 54.0164 11
Total 25
(corr.)

stirrer speed (350 rpm), and the operating time were all kept constant
(40 min). The data was analysed using Fig. 4(c) shows that the increase
in initial concentration inversely effects the K-value and solute yield.
This demonstrates that, for all constant stirring speeds, a lower initial
concentration provides a higher product concentration [12].

At a lower initial concentration (i.e., 6 mg/mL) high purity ice was
produced which gives a low K-value. It is clear from Fig. 4(c) that an
initial concentration of 10 mg/mL showed the best results for K-value
(0.089) as well as for solute yield (90.85 %). Due to larger solutes of
lysozyme elimination or remaining in the concentrated liquid as ice
dendritic filaments create a stable structure and would escape inclusion
in the ice [37]. Additionally, it was discovered that the K-value abruptly
increased to a higher value, from 0.089 to 0.46 whereas solute yield
decreased gradually from 90.85 % down to 50.85 % when the experi-
ments were performed at a higher initial concentration. This could be
explained by the fact that more solute occlusion would happen in the ice
at a high starting concentration [49]. As a result of this gradual reduc-
tion in solute yield, the freezing point dropped and the heat transfer
resistance as well as ice thickness was increased. As indicated by
Miyawaki et al. [34], the initial concentration significantly influences
the mass transfer rate of the solute in the ice. From Fig. 4(c) it is evident
at a higher initial concentration ((i.e., 14 mg/mL) solute yield dropped

Error K-value Yield
prediction (%)

R? 0.9444000 0.92304
MAE 0.0225737 3.82843
SEE 0.0449177 7.34958
CV (%) 5.45 6.83

Note: R?= Regression coefficient, MAE= Mean Absolute Error, SEE= Standard
Error of Estimation and CV= Coefficient of variance.

Additionally, the potential for achieving large concentrations is
increased by the achievement of solid-liquid equilibrium of solution
concentration where water is used as a solvent. Although there is a
completely different relationship between CI and ice growth rate at
lower initial concentrations. It was observed that the result gradually
changed to the same trend at higher initial concentrations, especially for
initial concentrations of 12 mg/mL and 14 mg/mL because of the
increased solute saturation and solid obstruction in the ice [29]. A linear
line of ice reduces with increasing initial concentration during the
freezing process, as seen in Fig. 4(d). This is caused by the heat resis-
tance generated during the process of freezing an ice layer [50]. In
addition, raising the solution concentration would make the solution
more viscous, which would lower the solute diffusivity [41].

3.3. Statistical analysis and optimization

The following polynomial expression (Eq. (7)) was produced to
associate the K-value and solute yield with other independent variables.
Where X are the experimental variable that influences the process.
Through Analysis of variance (ANOVA) the value of R? for the regression
model in this MPCC design was calculated to be 94.444 % and 92.304 %
for K-Value and solute concentration Yield (%) respectively using Eq. (7)
and Eq. (8) respectively. According to Rashid et al. [23] R? values in the
range of 88-90 % are considered to be significant for the model vali-
dation. Hence, 94.44 % and 92.30 % are considered quite moderate to
validate the fit. When describing the validity of the created model, the
response value of R2 is thought to be good. The more closely the
empirical model matches the actual data, the closer the R2 value is to
unity [51]. The statistical analysis of data (analysis of variance) ANOVA
depicts ~ 92 % reliability of K-value and solute yield. The adequacy of
the quadratic model generated was checked based on a probability
p-value of <0.05 (i.e., 95 % confidence level) and a higher F-value [51].

Kvalue = 3.04138 + 0.376542xX; +0.00935833 x X5 —0.00972917 x X3+0.131562 xX4+0.015888 x X, *

—0.000228125 x X; X5+0.000085625 x X; X3—0.00579688 x X; X4+0.000141771 xX5%—0.000030125 x X, X3

()

—0.00116563xX,X4+0.0000173708 x X32—0.000076875 x X5X,—0.00598698 x X,

Soluteyield (%)= —342.049 — 39.4379xX; +0.348583 xX5+0.855158 x X5-+0.859375 x X, —1.54339x X;2—0.209375 x X; X5+0.017525 x X; X3
0.245xX;X4—0.0444729 xX52—0.00336 x X, X3+0.138875x X, X4 —0.00117992 x X3%4-0.034975 x X3X,—1.14932 x X,

noticeably. Because of the increased initial concentration, the solution
had a high viscosity but a low diffusivity coefficient, this may lead to a
higher growth rate of secondary ice nucleation known as dendritic for-
mation to entrap the solute [31]. The best CI was obtained at an initial
dosage of 10 mg/mL, as shown in Fig. 4(d), while the trend slightly
altered when the starting concentration was maintained at lower values.
Theoretically, slow ice growth would prevent contaminants from
becoming congested, and the ice’s crystal structure is sufficient to
reduce the quantity of solute trapped in the ice surface [48,50].

10

(®

3.4. Validation of response surface model

The regression modelling results obtained from CCD experiments are
tabulated in Table 5. Each model showed high significance with a low p-
value (<0.0001) and high F-value [51]. This implies that the models
generated are significant. Table 6 shows that these models are statisti-
cally acceptable as the values for the coefficient of variance (CV %) are
<10 % [23,52]. Table 5 demonstrates that the quadratic terms of coolant
temperature (X12), initial concentration (X42), and stirrer speed (X3)
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Fig. 5. Response surface plots for interaction effects of variables on effective partition constant; (a) Interaction effect of operation time and coolant temperature, (b)
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were found significant for the solute concentration yield. The 3D
response surface plots in the following section provide a detailed
explanation of the factors that interact between independent variables

are significant (i.e., p < 0.05) for K-value. Conversely, for the K-value (i.
e., p < 0.05), it was also discovered that the interaction effects of stirrer
speed and initial concentration (X3x4), operating duration and initial

concentration (X2x4), and coolant temperature and initial concentra- and responses.
tion (X1 x4) were significant. The linear term of operation time (X2) and
the quadratic terms of coolant temperature (X12), operation time (X22), 35 R ) Ivsi
and beginning concentration (X42) for solute concentration yield (%) -5. Response surface plot analysis
may be found to have a significant response (i.e., p < 0.05). Moreover, . i L .

Y . & P (e, p . ) . For the best possible visualisation of each response variable, 3D plots
the interaction effects of coolant temperature and operation time (X; x 3) ; : . i

were plotted, while varying one variable and holding the other two
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variables as constant, these interpretations were produced against two
variables to investigate the consequences of their interactions. After-
wards, it was determined and discussed how the two independent var-
iables related to each other.

3.5.1. Interaction of variables on effective partition constant
The factors that significantly affect the process were identified after
validating and assessing the regression model’s significance. The
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calculated multiple regression findings are exhibited in Table 5, which
also includes a list of all significant and insignificant values for each
factor and their interactions. The 3D plots (Fig. 5(a) and (b)) depict the
interaction effects of coolant temperature with operation time, and
stirrer speed as well as the combined effect of operation time and stirrer
speed (Fig. 5(c)) are significant. The contour plots (Fig. 6(a) to (c))
clearly show that the small circular area contains the maximum pre-
dicted value. The contour plots having elliptical or circular shapes
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represent how relevant the variables are [23,53]. The elliptical contour
plots indicate the importance of the variables and the impact of their
interactions. It is clear from Fig. 5(a) and (b) that operation time (35
min) and stirrer speed (400 rpm) have a significant effect on K-value,
hence increasing both of the factors can improve the effectiveness of the
concentration process. The interaction impact between coolant tem-
perature and stirrer speed is likewise considerable with respect to
K-value as shown in Fig. 5(b). At increased stirrer speeds and coolant
temperatures between —9 and —12 °C, the K-value decreased. A higher
K-value denotes a worse PFC system efficiency; it was found that the
K-value sharply rose when the applied coolant temperature exceeded the
range, or —14 °C.
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The 3D plots present that at stirrer speed > 400 rpm, operation time
< 35 min, consistent temperature of —12 °C and an initial concentration
of 10 mg/mL lower K-values were observed.

Showing that a higher stirrer speed and lower initial concentration of
solution results in a reduced K-value (Fig. 5(f)). These results are in
alignment with the findings of Zhang et al. [54] stating that coolant
temperature is the controlling factor in the rate of ice formation. When a
coolant temperature is provided that is too low, the solute is easily
trapped, hence increasing the K-value. As seen in Fig. 5(a), a larger
growth rate at the lowest coolant temperature may result in a lower
K-value, hence increasing the ice purity. In contrast, the interaction ef-
fects of operation time and initial concentration Fig. 5(e) showed that
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larger operation times and lesser initial concentrations lead to lower
K-values, demonstrating that the PFC system can operate at high effi-
ciency under these conditions. These results are in alignment with the
findings of [48] stating that a greater operation time required for ice
formation on the probe’s cold surface is because of the depression in the
freezing point and phenomenon of supercooling. In addition, Table 5
shows that some of the coefficients are insignificant (i.e., p > 0.05), the
insignificance of these coefficients and their impacts cannot be ignored
to defend the model’s overall standing [23].
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3.5.2. Interaction of variables on solute concentration yield

The purity of the ice crystal in the PFC process is embodied by the
solute concentration yield. The efficiency of this PFC system is best
described by high solute concentration yield. The interaction effects
between each variable level and solute concentration yield are shown in
Figs. 7 and 8. From ANOVA (Table 5), although in terms of a single effect
initial concentration is not significant, its quadratic effects seem sig-
nificant. As seen in Fig. 7(d), low initial concentrations (i.e., <10 mg/
mL) and coolant temperatures between —10 to —12 °C can result in an
acceptable development of ice crystals. Meanwhile, it is evident from
Fig. 7(f) that the maximum stirrer speed and lowest initial concentration
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Table 7
Predicted optimal conditions for the model’s validation.
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Optimum operating conditions

Predicted values

Coolant temperature Operation time Stirrer speed

Initial concentration

X X, X3
(°C) (min) (rpm)

—-12.69 34.50 387

—11.85 33.49 389

X4

(mg/mL)

10.00 K-value 0.132
10.43 Yield (%) 87.39

are the conditions that lead to the greatest solute concentration yield.
This is because the high liquid flow rate and high shear force could
remove the solute from the solution without allowing it to become
trapped in the ice layer that is being developed. Likewise, the solutes
confined in the dendritic ice structure may simply be removed by the
shear force [32]. It can be concluded that the major factors influencing
the PFC process are freezing points and solution viscosity [55].

The optimal combination of variables i.e., initial concentrations<10
mg/mL and operating times > 35 min were observed, as illustrated in
Fig. 7(e), which also depicts the interaction between factors (initial
concentration and operation time) on solute concentration yield. John
et al. [44] reported that the efficiency of PFC decreases with an
enhanced initial concentration due to the solute contents which are
trapped in the ice crystal layer. Briefly, solute concentration yield starts
to decline and eventually becomes essentially static as the initial con-
centration exceeds 10 mg/mL, indicating reduced system efficiency. The
interaction impact of starting concentration with stirrer speed and
operating time is clearly seen in Fig. 7(c) and (e) (circular contours). It
was discovered that stirrer speed values between 380 rpm and — were
ideal. However, erosion could lead to a less concentrated solution if the
stirrer speed is applied too high. This is because the ice crystal’s capacity
to transfer heat is improved when the solutes are kept out of the
ice-liquid interface [48]. As a result, the ice layer created contains less
solute. In general, optimal conditions i.e., longer operation times result
in thicker ice formation, but faster stirrer speeds produce solid ice with a
high purity level. It might eventually wash the solutes from the dendritic
ice formation away [25,44].

3.6. Model validation and optimum conditions

The R? for K-value and solute concentration yield indicates up to
94.44 % and 92.304 % variability of the response (Table 6) respectively.
The impacts of factors like coolant temperature, operating time, stirrer
speed, and beginning concentration are adequately described by the 3D
response surface plots. Improved mass and heat transfers could be the
outcome of the ideal combination of variables and an increased ice
crystallisation surface area between the coolant and the lysozyme so-
lution [28]. Which could be used to explicitly describe the interaction
phenomena between variables. For the identification of the ideal and
anticipated values, the optimized set of conditions is displayed in
Table 6. Experiments were performed on these optimized conditions and
the experimental results were in alignment with the model predicted
values (Table 7). Table 7 depicts that the results of optimization of
lysosome concentration are in alignment with the whey protein con-
centration optimized results [8]. The response surface model (Eq. (7)
and Eq. (8)) created for the K-value and solute concentration yield
showed an overall standard error of estimation of 0.044 and 7.349,
respectively, as shown in Table 6 This demonstrates the current model’s
suitability and correctness.

4. Conclusion

This work has successfully investigated how the designed MPCC can
work to concentrate lysozyme aqueous solution as desired for the food
and pharmaceutical industry to make various products from it. The
design of the apparatus has a comparatively higher surface area for
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heterogeneous ice nucleation and crystallization (87.39 or 35.44 %
higher) compared with the conventional PFC system, which can improve
the system’s efficiency. Regression models based on CCD by RSM were
used to optimise solute yield and K-value in addition to observing the
effects of each operating parameter. Multi-response optimisation was
used to assess multiple replies successfully, which is important to take
into account at large production scales. The models were validated
under the optimal circumstances, which were —11.85 °C, 33.49 min,
389 rpm, and 10.43 mg/mL for solute concentration yield and —12.69
°C, 34.50 min, 387 rpm, and 10 mg/mL for K-value, respectively. On the
chosen optimised settings, the experimental findings were found to be in
agreement with the model-predicted values of K-value 0.132 and solute
concentration yield 87.39 %. This research may result in lower costs and
energy consumption as well as the provision of several effective tech-
niques for cold solute separation that also improve product quality and
yield. The study’s conclusions may help researchers scale up their
investigation in order to commercialise this innovative lysozyme con-
centration technique that replaces traditional thermal processing with
an improved and unique non-thermal processing design.
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