Journal of Food and Nutrition Research (ISSN 1336-8672) Vol. 61, 2022, No. 3, pp. 218-229

Membrane separation of porcine blood
for food industrial use of permeate and retentate

~ TAMAS CSURKA - ARON VARGA - MARTA LADANYI -
LASZLO FERENC FRIEDRICH - KLARA PASZTOR-HUSZAR

Summary

In this article, we introduce the importance of blood processing for human consumption while also presenting the
methodology of porcine blood membrane separation to plasma and red blood cell fractions, as well as the membrane
purification after porcine blood separation. Basic analytical measurements were carried out to investigate the blood
product attributes, which relate to technological and nutritional quality depending on the separation parameters. Next,
we present how the relevant hydrodynamical parameters were calculated during the experiments. Membrane separa-
tion was realized by crossflow microfiltration with pore size of 0.8 um or 1.2 um, retentate flow rate of 200 I‘h-1 or
300 I'h-! and with transmembrane pressure of 1 x 105 Pa, 2 x 105 Pa or 3 x 105 Pa. The experimental design was analysed,
the parameters of the objective function and effect sizes were estimated and the global minimum of the objective func-
tion was successfully identified. The results of this optimization can be applied in practice. The membrane separation
parameters were then optimized according to a model based on the observed data. An optimum was detected within
the examined factor levels and experimental conditions at the lowest transmembrane pressure and at the highest mem-
brane pore size.
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Sustainability and utilization of by-products are
hot spots of scientific literature since consumers
prefer a sustainable food system [1]. There are
three major arguments for the incorporation of
animal by-products to the highest extent possible,
for instance, to substitute meat. The first argu-
ment is the need to increase competitiveness of
the meat industry and to reduce the “carbon foot-
print” of livestock [2], which is estimated to rep-
resent 14.5 % of human-induced greenhouse gas
emission [3]. Absolute and relative overpopulation
is taken as the second argument, as the absolute

population of 9 x 10% or more people is predicted
for 2050 [4]. Relative overpopulation means, in
this case, a larger meat demand growth than the
population growth. While the Earth’s popula-
tion doubled between 1950 and 2000, the volume
of meat production increased nearly five-fold,
yearly from 45 x 100 t to 233 x 100 t [5]. Mean-
while the infield area, 1.6 x 1013 m2 in 2016 can
be expanded to a maximum of 1.8 x 1013 m2 [4].
58 x 100 t protein is consumed by humans from
the produced 77 x 100 t protein in a year [6],
while near 11 % of population (7.95 x 108 people)
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are starving [7]. Besides, 1.6 x 109 people in the
world are anemic, children suffering from iron
deficiency anemia at a very high rate [8]. A por-
tion of 100 g porcine blood powder can cover
the daily essential amino acid need of an adult
weighing 70 kg, but it is unable to satisfy his or
her methionine needs [9]. Porcine blood contains
1490.14 mgkg! iron in dry mass [10] and bovine
blood contains 2810.62 mgkg! iron in dry mass
according to the USDA National Nutrient Data-
base for Standard Reference [11], which is out-
standing among food ingredients. Moreover, the
absorption of hem iron in human body is better
than other forms of iron [12]. Animal blood could
be a perfect raw material, not only for functional
food but also for common food production
[13-15]. Another reason for utilizing animal blood
is the third argument, specifically, its high environ-
mental pollution capabilities. As blood is classi-
fied as hazardous waste, it requires appropriate
handling dictated by strict regulations such as
regulation (EC) No. 853/2004 on specific hygiene
rules for food of animal origin [16]. The biological
and chemical oxygen demand of blood [13] exceed
the limiting value of polluting power of hazardous
wastes. The COVID-19 pandemic crisis caused
significant challenges in the food industry, which
made it necessary to reduce losses and food waste
as well as identifying alternative and safe protein
sources to make our food systems more sustain-
able and resilient to increase food security [17].

Functional foods are acceptable and economi-
cally competitive products, which can be enriched
with, for instance, blood products like hem-iron,
protein (with good gelling and foaming capacity)
and bioactive peptides [18-21]. Valorization of
a vast range of bioresources for instance by biore-
fining or innovations in the field of sustainability
(e.g. laboratory-grown aseptic meat, plant-based
meat alternatives, biobased packaging, automation
of food production or robotics) is more important
than ever after the COVID-19 pandemic crisis,
instead of the traditional approaches for manag-
ing food waste including land-filling and incinera-
tion [22].

Certain blood-containing foods are avail-
able in several countries but these are sought
just by a narrow segment of consumers because
of the typical sensory attributes. More uses may
be possible after the blood is separated and
the blood products are handled separately. But
before the separation blood coagulation, which
changes the blood sol state that is well suited for
further processing to gel state, has to be inhibited.
Trisodium citrate affects factor IV (i.e. calcium)
from the 13 blood-clotting factors preventing the

change in blood texture. The group of sodium ci-
trates is an approved food additive E 331, which
may be used in prepared meat products without
quantitative restrictions according to regulation
(EC) No 1333/2008 on food additives [23].

Plasma in a share of 520-700 gkg! of whole
blood mass is produced during the separation of
whole blood, depending on the technology and
requirements of the products [9]. Plasma does
not contain blood cells. It is not red and has no
metallic taste and smell like blood. Blood plasma
can be decolourized by chemical treatment and
extraction of the residual hemoglobin, afterwards
obtaining a tea-like colour [24]. It is ideal for in-
creasing the protein content of foods or for de-
veloping food texture without significant taste,
smell and colour changes. The low lipid content
of plasma and opportunity of application at lipid
uptake reduction have to be mentioned because of
the fact that obesity rates have reached a stagger-
ing number worldwide [25].

By separation of whole blood, red blood cell
fraction in a share of 300-480 g-kg-! of whole blood
is produced, depending on the technology and re-
quirements of the products [9]. The red blood cell
fraction got its name from red blood cells forming
the largest part of this fraction, but it contains also
some other blood cells. It gets a deep black colour
with strong iron taste as a result of heat treatment.
It can be a raw material for functional or other
specific food types without any further processing.

Centrifugal separation is being developed con-
tinuously but, in certain cases, membrane tech-
nology may be more efficient than centrifugation.
Moreover, membrane technology can be made
more selective than centrifugation, especially if
membranes are combined with magnetic field or
a special pore size is used. Thus, blood products
may be more suitable for various purposes. Blood
is a perishable material, which can easily become
a substrate for harmful microorganisms, thus,
cleaning of membranes is crucial to avoid con-
tamination. Inorganic (e.g. ceramic) membranes
are generally used for filtration because they show
very good thermal and chemical stability and
can be cleaned aggressively (e.g. by steam and
strong acid or alkali) and used in industry under
harsh conditions [26]. The disadvantages of mem-
brane separation are the relatively high installa-
tion cost and limited experience. However, clear
advantages over conventional technologies are
good controllability, as well as efficiency may be
better too besides the adequate blood volume.

The application of compounds recovered from
food processing by-products and eco-friendly (e. g.
non-thermal) technologies can increase profit
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and secure sustainable development of the food
industry [27].

MATERIAL AND METHODS

Blood

Porcine blood was collected manually in Hun-
gary in a slaughterhouse directly from the slaugh-
tered pork during bloodletting. Breed of pigs
(Sus scrofa domesticus) were mangalica x duroc
hybrid, duroc and Hungarian landrace. Trisodium
citrate was used to prevent blood coagulation.
Dry trisodium citrate dihydrate powder (Reanal
Laborvegyszer, Budapest, Hungary) was added
to the blood directly after collection to 5 gkgl,
for keeping the filterable state, and then the
substances were mixed well. The blood was stored
at 0-2 °C without freezing until the membrane
separation process (for 1-4 days).

Membranes

Tubular, one-channel ceramic membranes
(Atech Innovations, Gladbeck, Germany) with
an active layer of aluminium oxide were used. The
outer diameter of the membranes was 10.0 mm,
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Fig. 1. Schematic flow diagram of bench-scale
cross-flow microfiltration equipment.

1 - feed tank, 2 — heat exchanger (cooler/heater), 3 — pump,
4 — microfiltration membrane module, 5 - valve, 6 — mano-
metres, 7 — thermometer, 8 — flowmeter, 9 — measuring
cylinder.

P1 — pressure measured in the pipe before the membrane,
P2 — pressure measured in the pipe after the membrane, T1 —
temperature measured in the pipe, Q1 — measured retentate
flow rate.
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the inner diameter of the membranes was 6.0 mm.
The specific membrane area of membranes, which
means the filtering surface in the specification of
the producer, was 0.019 mZm! and the length
of membranes was 250 mm (whole filter surface
per element was approximately 0.00475 m2). The
membranes were suitable for steam sterilization
above 121 °C and acidic and basic material fil-
tration at pH 0-14. All re-usable and corrosion-
resistant tools and equipment were multi-phase
cleaned with sodium hypochlorite and a detergent.
Citric acid monohydrate (Reanal Laborvegyszer)
and sodium hydroxide flakes (Sigma Aldrich,
St. Louis, Missouri, USA) were used for membrane
cleaning.

Microfiltration

In this investigation, membrane microfiltra-
tion, as a separation method, was evaluated. The
crossflow microfiltration equipment (Fig. 1) was
developed at the Department of Food Engineer-
ing, Hungarian University of Agriculture and Life
Sciences (Budapest, Hungary). The factors of the
experiment were set as: pore size (0.8 um, 1.2 um),
retentate flow rate (200 I‘h-l, 300 I'hl) and
transmembrane pressure (1x105 Pa, 2x 105 Pa,
3 x 105 Pa). Factor levels were selected according
to preliminary tests, considering the experiment
duration to the steady-state phase and the quality
of blood fractions. Samples were collected from
feed (whole blood), permeate (blood plasma) and
retentate (red blood cells) for convenient cha-
racterization of raw material and products. Per-
meate samples were collected during the entire
filtration time except for the first 5 ml because of
residual water in the permeate pipe. Initially, the
temperature was 5 °C and was increased to various
final temperature values (10-20 °C) despite the
cooling (heat exchanger set to 5 °C in the feed-
ing tank and controlled room temperature set to
15 °C) during the filtration. Pressure at both ends
of the membrane, temperature at the pipe and in
the feed tank, blood flux and retentate flow (using
the pump data) were measured. The sampling
and data recording frequency was 0.5 min during
the first 20.5 min and then 1 min until the end of
the filtration. A volume of 80 ml of the permeate
was collected from each experiment. The dura-
tion of the filtration depended on the flux. The
membranes and the entire piping system were
cleaned before and after each filtration. Water
flux was measured before each filtration. Water
was drained with the valve at the bottom after wa-
ter flux measurement to avoid dilution of whole
blood. Residual water was removed by mixing
whole blood from the piping system with a pump.
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Experimental settings are shown in Tab. 1. The ex-
periments were performed in random order, the
set numbers of experiments are not related to the
order of performance.

Membrane cleaning
A series of experiments led us to find a suitable
cleaning method in case of porcine blood microfil-
tration. A relatively aggressive cleaning procedure
was required because of the extreme contami-
nation and pores clogging by blood components
that swelled due to the pH change. The cleaning
process of the equipment was limited by its sensi-
tivity to extreme pH and temperature, as well as
to corrosion of the membrane pump and pressure
Sensors.
This cleaning process was performed by:
1. rinsing with water and then 30 min cleaning
with water at room temperature (20 °C),
2. 30 min cleaning with 1% sodium hydroxide at
60 °C and then rinsing with water,
3. 30 min cleaning with water at room tempera-
ture (20 °C),
4. 30 min cleaning with 1% citric acid at 60 °C
and then rinsing with water,
5. 30 min cleaning with water at room tempera-
ture (20 °C).

In addition, the membranes needed a more
aggressive cleaning outside the equipment. This
cleaning process was performed by:

1. 30 min soaking in water at 80 °C,
2. 30 min cleaning with 10% sodium hydroxide at

80 °C,

3. 30 min cleaning with water at 80 °C,

4. 30 min cleaning with 10% sodium hypochlorite
at 80 °C,

S. rinsing with water and soaking in water at
room temperature (20 °C) until the next filtra-

tion (for 8 h).

The membranes were conditioned for 45 min
in the equipment with water for stable water flux.

Rheological measurements

Physica MCR 91 viscometer (Anton-Paar,
Ostfildern, Germany) was used for rheological
measurements. The behaviour of samples (espe-
cially theoretical viscosity) was measured under
variable speed shear stress with concentric cylin-
ders (CC27) by Couette-type method. A number
of 2 x 31 data were collected during one measure-
ment run. The revolutions per minute (RPM)
of the inner cylinder varied between 1 min-! and
1000 minl. The outcome of the measurement
was a flow curve, to which a model was fitted. This

Tab. 1. Experimental setups.

Designation | TMP [Pa] f';evtve[rl‘.tﬁfﬁ po'\f:r;sga;ﬁn]
01 1% 105 200 0.8
02 1% 105 200 12
03 1x 105 300 0.8
04 1% 105 300 12
05 2 x 105 200 0.8
06 2 x 105 200 12
07 2 x 105 300 0.8
08 2 x 105 300 12
09 3x 105 200 0.8
10 3x 105 200 12
11 3 x 105 300 0.8
12 3 x 105 300 12

TMP — transmembrane pressure.

model can define the rheological behaviour of the
samples and the rheological parameters can be
calculated following calibration of the model. The
flow behaviour of all samples could be described
by the Herschel-Bulkley model [28] considering
the following parameters: shear stress (t), theo-
retical yield point (t0), deformation speed (y),
consistency index (C) and power of law index
(p)- A new shear rate was calculated from these
parameters and this new shear rate validated
the compliance of the model. The determina-
tion coefficient (R?) that describes the explained
variance rate indicated a highly significant model
with its values greater than 0.9965 in case of all
samples. Measurements of permeates and reten-
tates were carried out at 5 °C, 12.5 °C and 20 °C
to correct the error caused by changes in tempera-
ture that were experienced during the membrane
filtration. Each sample was measured in triplicate.

Colour measurement

Minolta CR-400 (Konica Minolta, Tokyo, Ja-
pan) colorimeter was used for reflectional colour
measurement. In case of blood, there is a relation
between the red colour (and chroma) and the iron
content, hereby between the physical and chemi-
cal attributes. Each sample was measured in tripli-
cate. The measured attributes were redness/green-
ness (a*), yellowness/blueness (b*), brightness
(L*) and from these, chroma (C*) was calculated
using Eq. 1 [29]:

C*=+a?+ b2 1
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Water activity measurement

Water activity was measured by LabMas-
ter-aw neo type water activity measurement device
(Novasina, Lachen, Switzerland). Measurements
were performed at room temperature (20 °C) to
control the integrity of samples for relevant data
detection. Each sample was measured in triplicate.

Dry matter measurement

Amounts of 3-5 g sample were meas-
ured by ABJ-NM/ABS-N analytical balance
(Kern & Sohn, Balingen, Germany). Then samples
were put into a laboratory drying oven (Labor
Midszeripari Mivek, Budapest, Hungary) and
were dried at 105 °C until they reached the state of
constant mass. Samples were cooled in a desicca-
tor and then their mass was measured by analytical
balance. Each sample was measured in triplicate.

pH measurement

Voltcraft PHT-02 ATC pH stick (Conrad
Electronic, Hirschau, Germany) was used for
pH measurement. The principle of pH sticks
operation is based on electronic differentiation
between a referent electrode with a stable value
and a pH-sensitive electrode in a fluid with any
standard redox potential. Sample pH is calculated
from the potential difference according to a linear
correlation. The device was calibrated before
each measurement series with two standard liquid
samples. Each sample was measured in triplicate.

Hydrodynamic parameters determination

The viscosity of Herschel-Bulkley fluid flow-
ing in a tube system depends on its temperature
and shear stress affecting the fluid, therefore the
shear stress needed to be calculated. Theoretical
viscosity was measured under the calculated shear
stress at three temperatures. A linear regression
was fitted to these three points by Excel 365 (Mi-
crosoft, Redmond, Washington, USA) and then
practical viscosity of the flowing fluid at the tem-
perature measured during the filtration was inter-
polated.

The following interrelations were applied for
calculating the filtration efficacy: In case of fluid
flow in a round cross-section pipe, the shear stress
at laminar flow can be expressed as Eq. 2:

_fxvxe @

where t is shear stress, f is resistance friction
coefficient, v2 is squared retentate flow velocity,
p is density of the fluid and number 8 is a constant
in case of round cross-section pipe and laminar
flow.

222

Equations about flow in a tube or pipe can be
derived from the Navier-Stokes formula. It was
assumed that laminar flow would be the basis of
the experimental conditions and it was finally veri-
fied by the calculated results. Value of Reynolds
number was 1370.15 = 568.32 during all experi-
ments. Resistance friction coefficient (f) of pipe
flow was calculated by Eq. 3:

f - Red ( )
where A4 is the membrane inner cross section and
d is the constant characterizing the flow (in case of
laminar flow 4 = 64 and d = 1). Reynolds number
(Re) can be calculated by Eq. 4:

_ D, xvxp,

Hp (4)

where D is the equivalent diameter of a round
cross-section pipe, v is retentate flow velocity, pp is
blood density and ub is blood viscosity. Shear stress
(7) of pipe flow was calculated by Eq. 5:
88Xy Xv

= D,

Re

T ©)

Besides the equation for shear stress (t), there
is another equation from the applied and verified
Herschel-Bulkley model for rheological measure-
ments [28]:

T=71o+CXYyP (6)

where 19 is theoretical yield point, C is consistency
index, y is deformation speed and p is power of law
index.

If the data are substituted in the two simplified
equations regarding shear stress, there remains
only one unknown parameter except for viscosity,
namely, shear stress. The following equations, by
which shear stress can be determined for non-
Newtonian fluids flow in a round cross-section
pipe, can be derived from the Hagen-Poiseuille
formula, which is described by Eq. 7 [28]:

A xv
Ty ¢

2

where v is retentate flow velocity, D is diameter
of round cross-section pipe and denominator rep-
resents the calculation with a round cross-section
pipe. Thereby, viscosity of each sample can be cal-
culated at the filtration temperature with the set
volume of retentate flow rate in our experimental
equipment.

Efficiency of microfiltration was expressed by
the calculated practical dynamic viscosity of blood
flow in the piping system. Filtration efficiency can
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be defined by the energy consumption calculated
from permeate flux, which is the amount of per-
meate that is given on unit of filter surface per unit
of time. It is described by Eq. 8 [30]:

v,
Ay X (8)

] =

where J is flux, V; is permeate volume during
a time interval, 4,, is the membrane active surface
area and £ is the time interval.

Flux was measured for steady-state blood mi-
crofiltration and for water. Energy consumption
can be described by Eq. 9 [31]:

PSS

Egg=—"—0
5 Am X ]b,ss (9)

where Eg is steady-state specific energy con-
sumption, Pss is steady-state hydraulic dissipation
power, Ay, is the membrane active surface area,
and Jpss is steady-state blood flux. The hydraulic
dissipation power can be described by Eq. 10 [31]:

%s = Qss X Ap (10)

where Qs is steady-state retentate flow rate and
Ap is the pressure drop along the membrane.

The intrinsic resistance of clean membrane
(Rm) can be calculated from the viscosity of water
(uw), water flux (J) and transmembrane pressure
(TMP) by Eq. 11 [32]:

TMP

Jw = L XR. (11)

and steady-state total resistance (Ryss) can be
calculated from viscosity of whole blood (us),
steady-state blood flux (Jp,ss) and transmembrane
pressure (TMP) by Eq. 12 [32]:

T™MP

e 12
Up X R g5 ( )

Jbss =

The steady-state fouling layer total resistance
(Ryss) value is the sum of intrinsic resistance of
clean membrane resistance (R;;) and the steady-
state fouling layer resistance (Rfss). It is described
by Eq. 13 [33]:

Riss =Ry + Rf,ss (13)

The steady-state fouling layer resistance (Rfss)
is an important parameter for planning an indus-
trial blood membrane separator.

The cleaning efficacy was defined by flux re-
covery (FR) with the ratio of clean membrane re-
sistance (Ry;) and intrinsic resistance of the mem-
brane after membrane cleaning (R;) according to
Eq. 14 [33]. FR is expressed in percent.

FR—Rmx100 14
_R ( )

n

to which R, can be described by Eq. 15 [33]:

TMP

Jow = [, X R, (15)

where variables are the same as in Eq. 11.

Statistical evaluation

Measurement results were evaluated by IBM
SPSS v. 25 (IBM, Armonk, New York, USA)
and Excel 365 software. Excel was used for fit-
ting the rheological model, correlation analysis,
representation and performing mathematical
operations. Determination coefficient (R2) was
evaluated. To detect the effect of transmembrane
pressure, retentate flow rate and membrane pore
size on redness/greenness (a*), chroma (C*)
and dry matter content, multivariate analysis of
variance (MANOVA) was carried out. According
to Levene’s test, the homogenity of variances was
slightly violated (p < 0.05). The normality of re-
siduals was checked by d’Agostino’s test, providing
a value of p > 0.04. The value of the unexplained
variance rate (Wilks’s lambda) was evaluated. In
case of a significant overall MANOVA result, uni-
variate follow-up ANOVA was run by Bonferroni’s
adjustment. The homogenous groups were sepa-
rated by Games-Howell’s post hoc test, which can
manage inhomogenity of variances.

Modelling of hydrodynamical parameters

The research plan was based on a 2x 2 x 3
full factorial experimental design. The aims of
the application of this experimental design were
to formulate an objective function describing the
relationship between the dependent and inde-
pendent variables, as well as to determine the sig-
nificant parameters and the effect sizes. Response
(Y) in this experimental design can be described by

Eq. 16 [34]:
3 3 3
Z Z Z bijxix}"l'
=1 =1 j=1i%)
+ b123X1X2X3 (16)

where bg is the constant, b; (i=1, 2, 3) are re-
gression coefficients of the main factor effects,
bij(i=1,2,3;j=1,2,3;1#j) and bi23 are the
regression coefficients of the interactions,
xi (i=1,2,3) are the coded factors.

The most important hydrodynamic para-
meter is steady-state blood flux because this flux
can generally affect the filtration during most
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of the filtration time. However, the fouling cha-
racteristics are more accurately described by
steady-state fouling layer resistance [35]. For this
reason, steady-state fouling layer resistance was
considered as the response of the applied full fac-
torial experimental design.

The results of the experimental design were
analysed in various steps by R studio software
with package ‘rsm’ (R Core Team, R-3.5.1,
R Foundation for Statistical Computing, Vienna,
Austria) [36]. Criterions of modelling methods
were checked, the residuals were normally dis-
tributed according to the Shapiro-Wilk normality
test (W =0.87; p=0.074). The parameters of the
objective function were estimated and the model
accuracy and determination coefficients were
evaluated. The insignificant parameter was elimi-
nated from the model: The final model was built
with the pore size and transmembrane pressure,
without retentate flow rate. Then, the effect sizes
of the significant parameters were calculated as
well as model accuracy and determination coeffi-
cients were evaluated.

Limitations

Pigs were chosen as the starting livestock of
blood separation because they are slaughtered
in largest numbers from mammalian slaugh-
ter animals that can be bled safely. The whole
blood, which was the feed of the microfiltration
experiments, came from three blood collecting
time points with three ratios of pig breeds since
East-European slaughterhouses usually slaughter
several pig populations each day. Besides breed,
the quality of most livestock depends on season,
forage quality and farming type.

The whole blood was stored at 0-2 °C for
various times (1—4 days) before the experiment,
because one experimental phase with membrane
cleaning and water flux measuring took one whole
day. Blood cannot be frozen because integrity of
ingredients may change due to crystallization.
The effect of the duration of storage could not
be investigated but the experiments were per-
formed in random order. Thus, if storage time was
a randomised independent variable, the effect of
storage time was compensated.

RESULTS AND DISCUSSION

Analysis of whole blood and blood fractions
Membrane separation was considered to be
globally successful as the average dry matter con-
tent of plasma fell below 50 gkgl, the average
water activity of plasma was above 0.96 and
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the average L*, the brightness of plasma was
above 25. Besides, in case of the red blood cell
fraction, dry matter content was approximately
200 g-kg'l, like in the case of whole blood, water
activity was 0.95-0.99, which was nearly the same
as the value of whole blood (0.95-0.99), and the
average L* was 23.6, which was also similar to
the value of whole blood (23.4). All water activ-
ity values for whole blood, plasma and red blood
cell fraction were between 0.95 and 1. In every
case, these products must be concentrated and/
or dried or immediately processed. pH values of
whole blood were 7.23-7.80, of plasma fraction
8.2-8.79 and of red blood cell fraction 7.30-7.77.
Because the quality of whole blood feed varied,
as in the practice of conventional Central and
Eastern European slaughterhouses, the qual-
ity of separation can be indicated in many attri-
butes by the difference between the attributes of
plasma and red blood cell fractions. For instance,
pH difference can indicate the appropriateness of
separation of protein fraction. This pH difference
was similar in case of experiments with the same
retentate flow rate and transmembrane pressure.
So, membrane pore size did not affect protein
separation as strongly as the other two factors. In
case of dry matter content, results were interest-
ing. Due to high transmembrane pressure, cells
were broken and dry matter content of plasma and
red blood cell fractions were closer to each other
than in case of lower transmembrane pressures.
Additionally, bigger membrane pore size (1.2 um)
redounded greater difference between dry mat-
ter content of two blood product (21.1 %, 18.8 %,
227 %, 18.7 %) beside lower transmembrane
pressure (1x10° Pa, 2x105 Pa), and the same
pore size (1.2 um) redounded smaller difference
between dry matter content of two blood product
(17.7 %, 17.6 %) beside higher transmembrane
pressure (3 x 105 Pa). This can be explained by the
formation of fouling layer, which took place slow-
er if cells and aggregates could pass through pores
without high pressure, which clogged the pores
with bigger aggregates. The measured blood qual-
ity attributes (in opposite to the hydrodynamic
parameters) were influenced not only by the trans-
membrane pressure and the membrane pore size,
but also by the retentate flow.

These trend-like results could be observed but
a linear model could not be generated on most of
the measured attributes. Significant effects and
differences between sample groups were evaluated
by MANOVA. The overall MANOVA result was
significant for transmembrane pressure, retentate
flow rate and membrane pore size (Wilks’s lambda
values of 0.07, 0.04 and 0.44, respectively, all with
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Fig. 2. Differences of significant physico-chemical
parameters between the membrane separated blood
fractions of individual filtration experiment setups.

A — dry matter content (DMC), B — redness-greenness colour
parameter (a*), C — chroma (C*).
Differences between retentate and permeate are given.

p < 0.001). All two-way and the three-way interac-
tions were also highly significant (p < 0.001). The
follow-up three-way univariate ANOVA with Bon-
ferroni’s adjustment revealed significance for all
the variables a*, C* and dry matter content in case
of all factors, namely, transmembrane pressure
(F(2;24) > 17.90, p < 0.001), retentate flow rate
(F(1;24) > 38.80, p < 0.001) and membrane pore
size (F(1;24) > 8.52, p < 0.001). The difference
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Fig. 3. The most important hydrodynamic and effi-
ciency parameters of individual filtration experiment
setups.
A — steady-state blood flux (Jb,ss), B — steady-state fouling

layer resistance (RL,ss), C — steady-state energy consump-
tion (Ess).

between mean values of significant measured attri-
butes of plasma and red blood cell fractions are
presented in Fig. 2.

The best setup of the membrane separation
from the 12 setups of the experimental plan was
observed at transmembrane pressure of 2 x 103 Pa,
retentate flow rate of 200 I-h-! and membrane pore
size of 1.2 um in terms of blood product quality.
The dry matter content of the red blood cell frac-

225



Csurka, T. et al.

J. Food Nutr. Res., Vol. 67, 2022, pp. 218-229

tion was the highest and chroma as well as red
colour (a* positive direction to red; a* negative
direction to green) related with the residual he-
moglobin content and undesired sensory attributes
of plasma fraction were among the lowest at this
setting. This setup was the best in case of differ-
ence of dry matter content of blood products,
because usually the clearest plasma and the most
concentrated red blood cells are the most desir-
able for the industry.

Membrane filtration efficacy

The most important hydrodynamic and efficacy
parameters of various filtration experiment setups
(blood flux, steady-state fouling layer resistance,
energy consumption) are shown in Fig. 3. In terms
of efficacy, based on trend-like results, the best ex-
perimental setup for blood membrane separation
was at 1x105 Pa transmembrane pressure,
300 I'h-! retentate flow rate and 1.2 um membrane
pore size (setup 04) and the same experimental
setup with 3 x 105 Pa (setup 12) was similarly good
within the examined factor levels and experi-
mental conditions. This can be explained by the
fact that as the bigger membrane pore size, more
cells and aggregates are allowed under 1 x 105 Pa
transmembrane pressure, but 3x105 Pa trans-
membrane pressure with high retentate flow rate,
which ‘washes’ the membrane’s inner surface with
the feed, pressing cells and aggregates through the
membrane. Steady-state fouling layer resistance is
grater in case of 0.8 um membrane pore size and
smaller in case of 1.2 um membrane pore size, as
well as globally lower in the case of lower trans-
membrane pressure. The practical flux stabilized
after 10 min filtration time on 2.10-29.87 I'm-2-h-1.
The filtration depends mostly on the previous pa-
rameter, because this flux characterizes most of
the duration of industrial filtration.

Cleaning efficacy

The proposed cleaning method can be con-
sidered efficient because the average of flux re-
coveries was 101.9 % in case of 0.8 wm membrane
pore size and 102.3 % in case of 1.2 um membrane
pore size. This can be explained by the fact that
a lot of contamination adhered to the membrane
before finding an effective washing protocol. This
contamination was cleared continuously during
the series of experiments. The difference between
water flux values, which were measured before the
experiments, was lower than 5 % and, therefore,
the cleaning efficiency could be taken as sufficient.

Modelling

Parameter estimates, effect size estimates and
significance of the regression coefficients from
the Student’s #-test of the significant parameters
of the objective function are shown in Tab. 2.
The standardized transmembrane pressure, the
standardized membrane pore size and their inter-
action were involved in the model. The retentate
flow rate together with its interactions with other
factors had no significant effect on the steady-
state fouling layer resistance. For this reason, the
(standardized) retentate flow rate was eliminated
from the model. Membrane pore size had signifi-
cant effect on the steady-state fouling layer resist-
ance, while transmembrane pressure and interac-
tion of transmembrane pressure and membrane
pore size had slightly significant effect on the de-
pendent variable. Model accuracy and determi-
nation coefficients of the objective function were
also significant: F(3,8) = 5.683, p < 0.05, multi-
ple R? = 0.68, adjusted R? = 0.56. Lack of fit was
insignificant (F(2,6) = 0.66, p = 0.55) and so the
model was accepted. Optimization was carried out
based on the model. The response surface of the
effects of significant parameters for steady-state
fouling layer resistance is shown in Fig. 4, which

Tab. 2. Parameter (coefficient) estimates and effect size estimates
of the significant parameters of the objective function.

Coefficients Effect size
Estimate Standard t value Pr (>]t]) Estimate Standard t value Pr (>]t])
error error
Intercept 10.20 x 1012 2.56 x 1012 4.00 <0.01 ***
T™P 9.09 x 1012 3.14 x 1012 2.90 <0.05** 0.6792 0.2211 3.072 < 0.050 **
MPS -5.38 x 1012 2.56 x 1012 -2.10 0.07* -0.4024 0.1806 -2.229 0.053"
TMP x MPS | —6.45 x 1012 3.14 x 1012 -2.06 0.07* -0.4825 0.2211 -2.182 0.057"

Response was the steady-state fouling layer resistance.

TMP — transmembrane pressure, MPS — membrane pore size, TMP x MPS — interaction, t value — result of statistical test, Pr —level

of significance (*** - p < 0.01, ** - p < 0.05, * - p < 0.10)
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Fig. 4. Contour map and response surface of the effects of significant parameters
for steady-state fouling layer resistance.

A — contour map; B — response surface.

TMPS - standardized transmembrane pressure, MPSS — standardized membrane pore size, Rss — steady-state fouling layer

resistance.

also contains a two-dimensional contour map of
the effects of significant parameters for steady-
state fouling layer resistance. As can be seen in
the figures, an optimum was found within the
examined factor levels and experimental condi-
tions. Therefore, the best (lowest) steady-state
fouling layer resistance can be found at the lowest
transmembrane pressure and largest membrane
pore size.

CONCLUSIONS

Animal by-products, especially blood should be
utilized as a raw material of food for the sustain-
ability and for remedying existing global problems.
There are good experiences with electrodialysis
with ultrafiltration membrane for recovering bio-
active peptides from animal blood as well as plant-
based materials [37, 38], but very limited infor-
mation was available on the basic separation by
microfiltration. The methodology of porcine blood
membrane separation was found to be appro-
priate. Valuable information was collected about
the effect of filtration parameters (transmembrane
pressure, membrane pore size, retentate flow
rate) for physical and chemical parameters (rheo-
logical parameters, dry matter content, colour
parameters, water activity, pH) of blood products
(plasma, red blood cells) gained from filtration.
The experimental design was analysed, parame-
ters of the objective function and effect sizes were
estimated and the global minimum of the objec-

tive function was successfully determined. The
membrane separation parameters were optimized
according to the model based on observation, with
the optimum being found within the examined fac-
tor levels and experimental conditions. The effica-
cy of the membrane cleaning method appropriate
for this specific purpose was found adequate. Re-
markably, a single tubular membrane module was
used during all experiments, so filtration efficiency
can be increased in the case of scaling. According
to the analysis of the experimental design, the
transmembrane pressure and the membrane pore
size had significant effects on the steady-state foul-
ing layer resistance. No other significant effect was
found in the case of retentate flow rate, which is
very important because the retentate flow rate
can be set at the best option for the energy con-
sumption under such flow conditions within the
examined factor levels. The lowest steady-state
fouling layer resistance, thereby, the best filtra-
tion efficiency, was observed and calculated at the
lowest transmembrane pressure and largest mem-
brane pore size. Based on our results, adequate
parameters can be selected for blood separation
in case of producing primarily specific quality
plasma as well as the red blood cell fraction. The
quality of plasma fraction usually depends on col-
our (redness/greenness and chroma) and clearness
(dry matter content), meanwhile the quality of red
blood cells fraction usually depends on iron con-
tent, which is related to a* (redness/greenness)
and chroma, and dry matter content. So, the opti-
mal setup is usually the same as the one in terms of
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blood product quality. The optimal setup of blood
product quality and optimal setup of efficiency are
different. The difference between product quality
of two optimal setups is relatively small. However,
their colour deviance is barely perceptible to the
human eye. This difference of energy consump-
tion is an order of magnitude measured in kilowat-
thour per cubic meter dimension.

The methodology of blood membrane separa-
tion and membrane cleaning we introduced in this
paper can be implemented for product and tech-
nology development and, after the experiments
presented in this paper, can be scaled up by the
industry. Membrane separation may become the
next applied process utilized for the varied uses
of blood in several enrichment procedures due to
the controllability of product quality and relatively
low resource demand with the adequate filtration
volume.
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