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OBJECTIVESThe goal of this research is to construct a filtra-
tion equation model for the purification of proanthocyani-
din compounds in sorghum pericarp extract using the ul-
trafiltration technique at varied transmembrane pressures
(TMP) and molecular weight cut-off (MWCO) on asymmet-
ric polyethersulfone (PES) membranes. The pressure differ-
ence and MWCO size are utilized to assess the rate of cake
formation induced by fouling and concentration polariza-
tion. METHODS The model provided in this work is based
on a compressible filtration model, which can reflect the re-
duction in permeability values and the cake formation pro-
cess induced by the compression of particles deposited on
the membrane surface. Hermia's models were used to inves-
tigate fouling mechanism involved in UF of proanthocyani-
dins. RESULTS The results demonstrate that transmembrane
pressure and MWCO considerably impact the efficacy of the
proanthocyanidins separation process employing ultrafiltra-
tion membrane technology. The batch filtering model de-
scribed in this study demonstrates fairly excellent applicabil-
ity. This can be observed from the data values predicted us-
ing the model, which tend to be near to the experimental data
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values, with sum square error (SSE) values of 0.3855-0.9965
for PES 50 kDa, 0.0472-0.4365 for PES 30 kDa, and 0.2887-
0.5734 for PES 10 kDa. CONCLUSIONS The results demon-
strated that the best fit to fouling mechanism experimental
data using Hermia's model corresponds to the cake layer for-
mation model (R? > 0.99), followed by the standard blocking
model, intermediate blocking, and complete blocking for all
the experimental conditions investigated.

IKEYWORDS filtration models; membrane; proanthocyani-
dins; ultrafiltration

1. INTRODUCTION

The pharmaceutical and food sectors are incredibly inter-
ested in extracting, purifying, and concentrating high-added-
value chemicals from natural sources such as sorghum
(Madrona et al. 2019; Victor-Ortega et al. 2017). Sorghum is
the world’s fifth-most valued cereal crop, representing less
than wheat, rice, maize, and barley. Sorghum is commonly
farmed in semi-arid and dry locations, where sorghum por-
ridge is a vital component of the diet due to its drought toler-
ance and high temperatures (Stefoska-Needham et al. 2015).
Sorghum has long been recognized as a helpful plant due to
its high polyphenol content. Sorghum polyphenol chemicals
may be antioxidants for human health (Wu et al. 2017). Pheno-
lic chemicals in sorghum include phenolic acids, proantho-
cyanidins, 3-deoxy anthocyanidins, and flavonoids (Ander-
son et al. 2012; Barros et al. 2014; Chiremba et al. 2012; Lee
et al. 2014; Massey et al. 2014). Sorghum’s total polyphenol
concentration is controlled by genetic and environmental
variables such as plant colors, pericarp thickness, and grow-
ing circumstances (Svensson et al. 2010).

Condensed tannins, commonly known as proantho-
cyanidins, are the most prevalent polyphenols in sorghums
with a colored test (Barros et al. 2014). Sorghum has the
largest tannin concentration of any crop, with high molecu-
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lar weight proanthocyanidin being the most prevalent (Dykes
and Rooney 2007; Hagerman and Butler 1980). As an end
product of the flavonoid biosynthetic pathway, proantho-
cyanidins are oligo- or polymers of monomeric flavan-3-ols.
Proanthocyanidins are condensed tannins formed by the ac-
tion of a multi-enzyme complex in the cytosol along the
phenylpropanoid pathway. The average number of proan-
thocyanidin was 1500-5000 depends on its polimer struc-
ture (Czochanska et al. 1980). The proanthocyanidin content
in sorghum depends on the genetic and environmental vari-
ables that regulate tannin biosynthesis (Wu et al. 2012). Ac-
cording to the study by Susanti et al. (2021), the proantho-
cyanidin level in sorghum was 9.113-9.227 mg/g. Proantho-
cyanidins are renowned for their significant chemical and bi-
ological activities, including UV absorption, antibacterial, an-
tioxidant, anti-cancer, and nerve protection (Rauf et al. 2019).
Another study by Ratnavathi and Tonapi (2021). reported that
the total proanthocyanidin content of black sorghum bran
was 0.9 mg/g, while red and brown sorghum brans had 0.2
mg/g and 0.1 mg/g. previous research by Mora et al. (2022) re-
ported that the amount of (+)-catechin, a proanthocyanidin,
in some sorghum varieties ranges from 172 to 179 mg/100 g.
Membranes have become an essential component of
biotechnology, and advances in membrane technology are
now aimed at achieving higher bioproduct resolutions (Asif
et al. 2018). Membrane technology is increasingly being used
in both upstream and downstream technologies, such as mi-
crofiltration (MF), ultrafiltration (UF), and emerging methods
such as membrane chromatography, high-performance tan-
gential flow filtration, and electrophoretic membrane con-
tactors (Arribas et al. 2015; Cérdova et al. 2018; Favre 2022;
Mejia et al. 2022; Rajendran et al. 2021; Raza et al. 2019). Mem-
brane technology is one of the option separation methods
used in global industries (Purwayantie and Sediawan 2020).
According to previous research, membrane technology can
be used to separate and purify polyphenol compounds (Cas-
sano et al. 2018; Conidi et al. 2017, 2018; Madrona et al. 2019;
Nawaz et al. 2006; Rodrigues et al. 2020; Victor-Ortega et al.
2017). Membrane filtration has several advantages over con-
ventional separation and purification processes, including
high efficiency, superficial modification of operating vari-
ables, and low energy requirements, and a suitable option for
fruit or plant extract treatment because it is done at low tem-
peratures and preserves the food’s functional nutrients while
using little energy (Chen et al. 2020; Madrona et al. 2019). Sev-
eral types of membranes commonly used in the separation
of phenolic compounds by the UF process include Polyether-
sulfone (PES), polyvinylidene difluoride (PVDF), and Polysul-
fone (PS) (Ambarita et al. 2021; Fan et al. 2016; Wen et al.
2022). According to previous research by Mejia et al. (2022),
PES membranes can be utilized for the recovery and separa-
tion of polyphenolic components and polysaccharides from
Sangiovese and Cabernet Sauvignon wines. The results indi-
cated that all PES UF and NF membranes successfully sepa-
rated target chemicals, rejecting more than 92% of polysac-
charides, with polyphenols preferentially entering through
the membrane. The UF membrane left more than 40%
of total polyphenols; rejections toward non-flavonoids and
flavonoids were less than 25% and 12.5%, respectively. An-
other research by Pinto et al. (2017) reported that ultrafiltra-
tion and nanofiltration are suitable techniques for the con-
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centration of Eucalyptus bark extract, allowing the recovery
of valuable polyphenols.

The primary disadvantage of membrane-based separa-
tion processes is the decrease in permeate flux during filtra-
tion caused by the membrane fouling and concentration po-
larization (Conidi et al. 2018; Koonani and Amirinejad 2019).
Membrane fouling occurs when particles, colloidal particles,
or solute macromolecules are deposited or adsorbed onto
membrane pores or surfaces through physical and chemi-
cal interactions or mechanical action, resulting in smaller or
blocked membrane pores (Liu et al. 2018). When the solute
concentration at the membrane surface increases, the so-
lute’s solubility decreases, and solute precipitation begins to
clog the membrane (Darunee Bhongsuwan et al. 2002). Con-
centration polarization is a process in which retained solutes
accumulate at the membrane boundary on the feed side. Itis
an unavoidable result of membrane selectivity (Ang and Mo-
hammad 2015). With the formation of a cake layer, this phe-
nomenon will cause the membrane to be rejected partially or
entirely (Conidi et al. 2018). Controlling both phenomena is
critical for the membrane process in industrial applications.
Choosing a suitable membrane for phenolic compound ultra-
filtration depends on numerous criteria, such as the source
of phenolic compounds, initial concentration, molecular size,
transmembrane pressure, and membrane properties. The
membranes employed should have tiny pores to hold pheno-
lic chemicals and skip water and other undesirable particles.
Membranes should also resist fouling, i.e., the collection of
chemicals restricting fluid flow across the membrane.

Separation by utilizing membranes is a good choice ow-
ing to the concept of such a technique that may separate
proanthocyanidin compositions based on the sieving effect
principle, in which particles or composites can be divided
according to their dimensions by rejecting undesirable sub-
stances and permitting the others to pass through the mem-
brane (Afandy et al. 2023; Conidi et al. 2018; Hori and Unno
2011; Malliga et al. 2019; Saleh and Gupta 2016). The method
will retain molecules more significant than the membrane
hole’s size and keep on the membrane surface and feed so-
lution (Zheng et al. 2009). The primary objective of this
study was to develop a mathematical model for the filtra-
tion process used to purify proanthocyanidins compounds in
sorghum pericarp extract. This was achieved by employing
an ultrafiltration technique with different transmembrane
pressures and molecular weight cut-off sizes on polyether-
sulfone membranes. Additionally, the study aimed to inves-
tigate the fouling mechanism associated with the ultrafiltra-
tion processes. The rate of cake formation generated by foul-
ing and concentration polarization is determined by the pres-
sure difference and the molecular weight cut-off (MWCO) of
the PES membrane.

2. RESEARCH METHODOLOGY

2.1 Model development

The batch filtration approach is being employed in this in-
vestigation. It should be noted that there are two separate
approaches for running a batch filter if the pressure stays
constant. The flow rate steadily lowers. However, the pres-
sure must progressively increase if the flow rate remains con-
stant (Chhabra and Basavaraj 2019). Cake formation is an is-
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sue that must be addressed in a batch filtration mechanism
since when too many cakes develop, and the filtration pro-
cess must be put off to remove the cake so that time is spent
effectively at this point. The following equation may compute
the connection between laminar and linear velocities at any
moment (V) during filter cake development.

= 1dv _ K(-wpc)
T Adt Ly

Mass balance:

Mass of solids in cake = mass of solids in slurry

_ (V+XLA)px
(1-X)LAps = oo )
v s X)(lp; X —pxX @3)

_ Vpx
L= Aps— 01— %) —paX] @

Equation (3) shows the relationship between filtrate vol-
ume (V) and cake thickness (L). which is used to eliminate L
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in equation (1). so:

AV KA?[ps(1—x)(1 - X) — pxX](—~APc)

dt uVox ®

Equation (5) represents the instantaneous rate of filtra-
tion in terms of slurry, cake, filtrate amount, and pressure
drop through the cake. The variables within the operator’s
control for a given slurry are pressure drop (-APc). Filtrate
volume V. and time t. The cake porosity X is the most likely
to alter among the other parameters. Cv is defined by consol-
idating several components in equation (5) into a single term.

_ Hpx
€0 = Kps(l =) (1= X) = pxX] (©)

AV _ A*(—APc) @)
dt 2CoV

The above formula applies to zero suppression. But be-
cause it employs a filter as a primary filter material. There
is pressure from the filter when filtering starts. Suppose the
filtrate volume (Ve) is the volume of filtrate accommodated,
which induces the creation of a cake. This is comparable to
the flow resistance of membrane and filter channels, where

€

I I [

<
A Vaive

- = == S —, S

N2 ——
—
Ultrafitration Cell
Nitrogen Tank

FIGURE 1. Experimental apparatus of ultrafiltration process.
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the cake will offer the same pressure as the filter device’s sup-
pression. Such that:

VoV 4 Ve (8)
then.

v A*(=APc)
dt — 2Co(V + Ve)

dt 2Cv

U m(V+Ve) (10)

From this equation. the filtration time is obtained as follows:

t=t 2Cv Vv=v
/t:O &= o aPe) / (Ve vev (11)
_ Co 2
t= AL(_APO) (V> 42VeV) (12)
if:
Co 1
A2(—APc) 13)
then obtained:
1 2
= (V2+2veV) 14)

To calculate the value of V. the formula can be described as
follows:

V=—Ve+\VVe2+at (15)
With:

AZ(—APc)
Cou

2.2 Feed preparation

Sorghum pericarp extract was generated from the extraction
of sorghum (Sorghum bicolor L. Moench) from Wonogiri, In-
donesia. Then produced by using distilled water as a solvent
with a ratio (1:100) at 70°C in a microwave-assisted extraction
at 400 rpm of agitation speed for 150 minutes. The extract
was then filtered using filter paper.

2.3 UF membrane

This research used an asymmetric Polyethersulfone (PES)
membrane supplied by Sartorius Filtrasi Indonesia (Sarto-
rius Stedim Biotech, Germany). Meanwhile, the PES mem-
brane has hydrophobic properties and compatible mem-
brane materials due to their excellent film-forming capabil-
ities and great thermal, chemical, and biological resistance
over a wide range of pH (2-12) (Alsvik and Hagg 2013; Lutz
2010; Pabby et al. 2009). The PES membrane has a transpar-
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ent and amorphous structure with a high Tg of up to 225°C.
According to a study by Rahimpour et al. (2008), the PES
membrane has a mean pore size of 50 nm, pore density of 61
pores/um?, and surface porosity of 11,2 %. The water contact
angle from the PES membrane is 88,6°(Wang et al. 2014).

2.4 Dead-end UF system

This investigation was carried out using the laboratory-scale
UF approach. UF membrane separation was performed uti-
lizing the dead-end filtration method with N, gas as the driv-
ing pressure (Afandy et al. 2023). The advantages of dead-end
filtering are minimal capital costs, excellent product recov-
ery, and a simple operation. The extract was initially passed
through the microfiltration membrane using the 0.2 pm PES
membrane at1bar of pressure before continuing to the ultra-
filtration stage to remove organic materials, bacteria, fungi,
yeast, and macromolecules with a higher particle size. First,
distilled water was utilized to prepare the PES membrane
to eliminate the residual organic material. The ultrafiltra-
tion step was carried out with three distinct Molecular weight
cut-offs (MWCO) of PES membranes and varied transmem-
brane pressures (TMP) throughout the operation. Each with
a MWCO of 50 kDa (TMP = 2-4 bars). 30 kDa (TMP = 4-6 bars).
And 10 kDa (TMP = 8-10 bars). Membrane replacement was
carried out in each step. The MWCO was chosen according
to proanthocyanidin’s molecular weight. Based on earlier re-
search, the impacts of TMP and MWCO considerably influ-
ence the filtrate volume (Abolore et al. 2010; Md Yunos et al.
2019; Rai et al. 2006; Syahputri et al. 2021).

2.4.1 Filtrate volume

The permeation flow rate from the UF stage can be pre-
dicted based on the modeling results using the batch filtra-
tion model equation. The data were collected every 20 min-
utes for 2 h using a measuring cylinder. The permeation flow
rate could be determined based on the relationship between
permeation volume and operation time by employing Eq. (9).

AV A%2(—APc)

dt ~ 2Co(V + Ve)

2.4.2 Fouling mechanism

To identify the fouling mechanism that occurs in the proan-
thocyanidin purification process using PES UF membranes,
can use the Hermia's model, which describes a semi-
empirical model for dead-end filtration based on constant
pressure conditions, to estimate the fouling mechanism that
influences the flux decreases (Zhu et al. 2015). The Hermia’s
Models use constant pressure filtration rules for dead-end
filtration from Eq (17).

a2 dt\"

According to Vela et al. (2008), there are four primary
forms of fouling: the complete blocking model, the interme-
diate blocking model, the standard blocking model, and the
cake layer model. The fouling process may be defined by fit-
ting the flux data by comparing the coefficient of correlation
(R?) using linear regression.
for n=2 (complete blocking):
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TABLE 1. Coefficient R? of filtration blocking model for different PES Membrane.

Jurnal Rekayasa Proses 18(1): 41-53

MWCO (kDa) TMP (Bar) Complete blocking Standard blocking Intermediate blocking ~ Cake formation layer
2 0.9717 0.9896 0.9818 0.9986
2.5 0.9717 0.9896 0.9818 0.9986
50 3 0.9649 0.9875 0.9776 0.9985
35 0.9531 0.9841 0.9707 0.9984
4 0.9603 0.9861 0.9749 0.9985
4 0.9171 0.9755 0.9509 0.9987
4.5 0.8972 0.9718 0.9410 0.9991
30 5 0.9053 0.9732 0.9449 0.9989
5.5 0.8969 0.9718 0.9408 0.9991
6 0.8923 0.9711 0.9386 0.9992
8 0.9423 0.9812 0.9645 0.9985
8.5 0.9198 0.9760 0.9523 0.9987
10 9 0.9320 0.9787 0.9589 0.9986
9.5 0.9369 0.9798 0.9615 0.9985
10 0.9409 0.9808 0.9637 0.9985
development of a cake equivalent to the flow resistance of the
InJ=Inj— Kt (18) rpembrane and filter channels. The cake layer is an aggrega-
tion of substances that cannot penetrate the membrane but
) remain on its surface. Egs. (15) and (16) were applied to de-
for n=1.5(standart blocking): . ,
termine the feed volume at numerous intervals throughout
1 . the ultrafiltration membrane process to purify the sorghum
]Ts = ]0—_5 + Kt (19) pericarp extract.
V=—Ve+VVe2+ut
for n=1(intermediate blocking):
11 ks 0 With :
I _ A2(—APc)
g = 220
Co
For n=0 (Cake layer formation):
2.4.4 Sum Square Error (SSE)
1 1 .
7 = ]—2 + Kt (21) The Sum Square Error (SSE) value refers to the statistical ap-
0

2.4.3 Models parameter

For compressible cakes, estimating the values of Cvand Ve at
different pressure drops and the instantaneous value of V is
necessary. The CV value is a constant representing a filter-
ing process that is impacted by the amount of pressure and
the surface area of the filter. The equivalent volume (Ve) is
the quantity of filtrate included in the filtrate that causes the

proach used in regression analysis to discover the point of
spread of data. It may locate the best-suited function by mod-
ifying a small quantity of data. The SSE was computed to es-
tablish that the compiled model is based on the non-linear
equation of the batch filtering model. The function error
value may show a correlation between the model developed
and the experimental data, indicating how accurately the ob-
served data is created. The minimal value of SSE implies that
the model has been organized properly. The SSE value could
be determined using Eq (??).
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TABLE 2. Hermia's model parameter.
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MWCO (kDa) TMP (Bar) Kcx 1073 (s1) Ks x 1073 (s70-5m™0-3) Ki x 10°4(m2) Kgx 10 (s m2)
2 4.08 0.6301 3.9040 0.7563
2.5 4.08 0.6301 3.9039 0.7537
50 3 4.59 0.6949 4.2211 0.7882
3.5 5.39 0.7820 4.5676 0.7923
4 4.92 0.7115 4.1389 0.7102
4 7.40 1.17 7.5389 1.6084
4.5 8.34 1.28 8.0317 1.6421
30 5 7.97 1.21 7.4746 1.4799
5.5 8.35 1.25 7.5726 1.4575
6 8.56 1.26 7.5542 1.4198
8 6.05 1.04 7.2031 1.7672
8.5 7.26 1.21 8.1435 1.9087
10 9 6.62 1.10 7.3409 1.6870
9.5 6.36 1.06 7.0824 1.6308
10 6.13 1.01 6.7228 1.5206

n

SSE = Y_(Vdata — Vcalc)?
izl

3. RESULT AND DISCUSSION

3.1 Effect of TMP on permeation flow rate

One of the factors that became the focus of attention in the ul-
trafiltration process was the rate permeation flow rate. The
permeation flow rate of sorghum pericarp extract using 50
kDa, 30 kDa, and 10 kDa PES membranes are shown in Fig.
2a, 2b, 2c. Such permeation flow rate data shows that higher
transmembrane pressure on the process would increase the
permeation flow rate. The high transmembrane pressure not
only helps the feed to flow through the membrane rapidly
and overcome resistance but also promotes the accumula-
tion of substances up to the decrease of the protrusion com-
ponent, resulting in concentration polarization. According to
some research, permeate flux increases by more than 96%,
increasing TMP in the 0.25 to 3.0 bar range for ultrafiltration
(UF) hollow fiber membranes (Ramli and Bolong 2016). An-
other study by Conidi et al. (2020) observed that increasing
TMP from 0.5to 2 bar enhanced the permeate flux by 50% and
the solute rejection by 10% for UF of phenolic compounds
from olive mill wastewater using a 2500 Da membrane. In
the application of separation utilizing membranes on an in-
dustrial scale, it will be vital to manage such events. The
data collected in this investigation was carried out under cir-
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cumstances of continuous operating pressure. Thus, main-
taining the volume of permeate to remain high can be done
by increasing the operating pressure continuously accord-
ing to the batch filtration model equation, where an increase
in pressure will affect the feed volume that will then pass
through the membrane.

3.2 Effect of MWCO on permeate volume.

MWCO (molecular weight cut-off) is a metric that shows the
size of the most significant molecule that can be passed
through the membrane. Permeability is the rate at which
fluid flows through the membrane. The effect of MWCO
on permeability varies on the type of membrane and fluid
employed. In general, the greater the size of the MWCO,
the higher the permeability because the membrane pores
are more prominent and more accessible for fluids to pass
through. However, many additional elements affect perme-
ability, such as the surface charge of the membrane, the
transmembrane pressure, and the physicochemical parame-
ters of the fluid (Dillmann et al. 2020). The decrease in perme-
ate flux during the filtration process can be described based
on four mechanisms: complete blocking, standard blocking,
intermediate blocking, and a cake layer formation on the
membrane surface (Conidi et al. 2018). The conclusions pre-
sented in Table 1 are based on Hermia's models. The foul-
ing mechanism that happens on PES membranes with sizes


https://doi.org/10.22146/jrekpros.90292

Afandy et al.
50 kDa
0.035 -
00304 °
00254 .,
= %
= Bae
B 0201 et
g 0020 ey
ko] e
v,
R
0.015 g,
TRl
g T )
0.010 - T
T T T T T T T
0 20 40 60 80 100 120
Time (Minute)
(a)
30 kDa
0.06
0.05 |
0.04
E .
b |
=003 i
e '
> p
o °
0.02- i
it 3
¥ ] '
g
0.01 4 «.es-.,,,,‘v“u" 4
0.00 +—— r T T T T
0 20 40 60 80 100 120
Time (Minute)
(b)
10 kDa
0.035 -
0.030
0.025 |
_— 4
= 4
=0.020 - .
B W
S T
T 0.015 - x
L =
e .
. ' '
0.010 | : T
!'lll"'.»,,
Fheggy
0.005 |

T T T T T

T T
0 20 40 60 80 100 120
Time (Minute)

(c)

FIGURE 2. Permeation flow rate of Sorghum Pericarp Extract at different
Mwco.

of 50, 30, and 10 kDa may be expected to be that the cause
of fouling is dominated by the production of a cake layer on
the surface of the PES membrane. This may be observed by
the R? value, which is near to 1. This can occur when the
particle size of phenolic compounds, particularly proantho-
cyanidins, is bigger than the size of the membrane pores and
creates a porous cake layer. The thickness of the cake layer
is primarily determined by the balance between the rate of
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molecule deposition on the membrane surface and the rate
of molecule transport back into the bulk solution. The re-
sults of evaluation using Hermia's model also demonstrate
that the R? value for the entire fouling creation mechanism is
above 0.9 for each blocking mechanism. According to study
done by Bolton et al. (2006) this may be induced by the com-
plicated effect of numerous elements (feed composition, in-
teraction between membrane pore size and molecules in the
feed, and membrane material), which generates a mixture of
fouling processes during a filtering process.

According to studies by Conidi et al. (2020) reducing
MWCO will decrease the permeate flux and improve pheno-
lic compounds' solute rejection. Still, it also increases mem-
brane fouling, which is the buildup of solutes and particles
on the membrane surface or pores that limit the permeabil-
ity and performance of the membrane. Another work from
Cai et al. (2018) revealed that decreasing MWCO from 100 to
10 kDa decreased the permeate flux by 80% and increased
the solute rejection by 20% for UF of four common polyphe-
nols in model fruit juice using polyethersulfone (PES) mem-
branes. A study by Cassano et al. (2018) revealed that de-
creasing MWCO from 10 to 1 kDa decreased the permeate
flux by 50% and increased the solute rejection by 30% for UF
of phenolic components and sugars from artichoke extracts
using polyvinylidene fluoride (PVDF) membranes. based on
our previous investigations. The rejection coefficients of PES
membranes are 25.50-2818% for PES 50 kDa, 54.50-56.47%
for PES30kDa, and 80.24-82.74% for PES 10 kDa (Afandy et al.
2023). Based on this, it can be stated that the smaller the
pore size of the membrane, the higher the rejection coeffi-
cient value of the PES membrane.

The data shown in Table 2 represents the parameter val-
ues acquired from Hermia's model while utilizing PES mem-
branes for the purification of proanthocyanidins at different
MWCO sizes. A higher value of this parameter signifies an
elevated degree of fouling resulting from the fouling mech-
anism. The fouling process is considered to be caused by the
creation of a cake layer on the surface of the PES membrane.
The constant value in Hermia’s model for cake layer creation,
known as Kg, is dependent on the size of the MWCO. As the
MWCO size increases, the Kg value also increases because
the smaller pores of the membrane lead to a greater creation
of a cake layer on its surface. The same phenomenon is illus-
trated by other parameters in the mechanism of fouling de-
velopment, specifically the values of Kc, Ks, and Ki. The cake
layer can operate as a secondary membrane with a lesser
porosity and pore size than the original membrane. The
cake layer can cover or change the surface characteristics
of the membrane, which impacts the interaction between
the membrane and particles and solutes, and the cake layer
can contain abrasive, acidic, or alkaline compounds that can
damage the structure and integrity of the membrane. Cake
formation is a prevalent difficulty in the ultrafiltration of phe-
nolic compounds, which are organic molecules that include
one or more hydroxyl groups linked to an aromatic ring. Phe-
nolic chemicals can form a cake layer on the membrane sur-
face due to their high molecular weight, polarity, and incli-
nation to aggregate (Cifuentes-Cabezas et al. 2023; Madrona
etal. 2019).

Fouling and concentration polarization both contribute
to cake formation (Conidi et al. 2018). Membrane fouling is
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the process by which particles, colloidal particles, or solute
macromolecules are deposited or adsorbed onto membrane
pores or surfaces through physical and chemical interactions
or mechanical action, resulting in smaller or blocked mem-
brane pores (Liu et al. 2018). External fouling is the deposi-
tion of particles, colloids, and macromolecules on the mem-
brane surface. External fouling causes a fouling layer to form
on the membrane’s surface. The fouling layer is defined as
either a gel layer or a cake layer. Due to the pressure differen-
tial between the feed and permeate sides of the membrane,
the gel layer is created by the deposition of macromolecules,
colloids, and inorganic solutes on the membrane’s surface.
The cake layer is formed by particles gathering on the mem-
brane surface (Blandin et al. 2016). Concentration polariza-
tion refers to the continual passage of polluted influent to the
membrane surface and the selective retention of specific el-
ements, which results in the concentration of particular so-
lutes on or near the membrane surface. Their concentration
develops throughout the procedure, producing a more signif-
icant concentration border layer (Sadr and Saroj 2015).

3.3 Evaluation of parameters from batch filtration models

Several factors revealed that the influence of TMP and MWCO
was highly considerable. Related to this, the process param-
eters need to be examined. A good model is anticipated to
correctly forecast the computed volume filtration constant
and equivalent volume throughout the dead-end UF process.
This mathematical model is performed using Microsoft Excel
software, which is utilized to acquire the calculated V, Cv, Ve,
and SSE. To begin analyzing these values, compare the Cvand
Ve values with estimated values likely to create the slightest
inaccuracy. The second step is to compute the value of V us-
ing the previously acquired filtering equation. Then calculate
the SSE value, the difference between the estimated volume
and the data volume squared. The SSE value is then solved
using the GRG nonlinear approach to produce the minimal
SSE value for each data set. The previously acquired SSE val-
ues served as the aim, while the Cv and Ve trial values served
as the changing variable cells. The importance of Cv, Ve, and
SSE obtained for each membrane is presented in Table 3.

3.4 Models parameter

Based on the data in Table 3, the Cv value produced on a 50
kDa membrane ranges from 174001 to 514928 cm?/s. Cv val-
ues for a 30 kDa membrane went from 134.8996 to 212.4157
cm?/s. The obtained Cv values for the 10 kDa membrane
ranged from 319.5685 to 397.0216 cm?/s. The experimental
data suggested that the smaller the PES membrane’s pore
size, or MWCO, the higher the Cv value. This is because the
smaller MWCO consumes a more considerable working pres-
sure, boosting the process’s Cvvalue. The amount of pressure
significantly influences the Cv value; hence, its value will ex-
pand in direct proportion to the rise in operating pressure.
The smaller membrane pores size will affect the working
pressure as it will enhance the hydrodynamic retention of the
membrane. More significant pressure is needed to push wa-
ter through smaller membrane pores. However, smaller pore
sizes can also improve the probability of rejection for pollu-
tants that have a molecular weight more significant than the
membrane pore size.
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FIGURE 3. Experimental data and Predicted data of Sorghum Pericarp Ex-
tract permeate volume at different MWCO 50 kDa, 30 kDa and, 10 kDa.

The information presented in Table 3 reveals that the
equivalent volume (Ve) for a 50 kDa membrane is relatively
significant. The fastest cake formation occurred on a 50 kDa
membrane when the filtrate volume was 14.199 mL at a pres-
sure of 3.5 bar, while the most extended cake formation oc-
curred when the filtrate volume was 20.922 mL at a pressure
of 2 bar and 2.5 bar. The quickest cake formation happened
on a 30 kDa membrane when the filtrate volume was 3.887
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TABLE 3. Value of Cv, Ve, and SSE at different TMP and membrane MWCO.
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Membrane MWCO Pressure (Bar) Cv (cm2/s) Ve (mL) SSE
2 17.4001 20.9218 0.3855
2.5 26.0992 20.9229 0.3855
PES 50 kDa 3 37.3852 17.7432 0.5285
3.5 49.2273 14.1995 0.8282
4 51.4928 17.1001 0.9965
4 134.8996 5.5170 0.1893
4.5 169.7418 3.9403 0.4365
PES 30 kDa 5 171.0955 4.7496 0.0472
5.5 193.8752 4.1600 0.0944
6 212.4157 3.8871 0.1047
8 319.5685 7.8993 0.3527
8.5 397.0216 5.2917 0.2887
PES 10 kDa 9 360.5881 6.8424 0.2855
9.5 364.6573 7.5220 0.4360
10 355.1995 8.3231 0.5734

mlL at a pressure of 6 bar, while the most extended cake for-
mation occurred when the filtrate volume was 5.517 mL at a
pressure of 4 bar. The fastest cake formation happened on
a 10 kDa membrane when the filtrate volume was 5.292 at
8.5 pressure, whereas the most extended cake formation oc-
curred when the filtrate volume was 8.323 mL at 10 bar.

Based on the values of Ve on each of these membranes, it
can be inferred that elevating the transmembrane pressure
promotes cake growth on the membrane’s surface, which
tends to be quicker. Cake growth on the surface of the mem-
brane will affect the performance and efficiency of the mem-
brane in several ways, including reducing the permeate rate
by increasing the hydraulic resistance of the permeate flow
and reducing the transmembrane pressure, which is the driv-
ing force for the ultrafiltration process. Some proposed tech-
niques to prevent or decrease the cake formation on ultra-
filtration of phenolic compounds are: raising the velocity of
the feed solution parallel to the membrane surface. This can
provide a shear force that can limit the accumulation of phe-
nolic compounds on the membrane surface and increase the
back-transport of solutes away from the membrane. Adding
surfactants, molecules that can reduce the surface tension
ofliquids and enhance the solubility of phenolic compounds,
can avoid the aggregation and precipitation of phenolic com-
pounds on the membrane surface and minimize cake resis-
tance. Adjusting the pH, which measures acidity or alkalinity

in a solution, can influence the charge and solubility of phe-
nolic compounds and their interaction with the membrane
surface. A pH near the isoelectric point of the membrane
can diminish the electrostatic interaction between the mem-
brane and the phenolic chemicals and reduce cake forma-
tion.

3.5 Error analysis

The SSE value (sum square error) found in Table 3 for each
membrane is for a 50 kDa membrane; the most negligible er-
rorvalue achievedis 0.3855at2 and 2.5 bar pressures, and the
maximum error value obtained is 0.9964 at 4 bar pressure.
The last error value found for a 30 kDa membrane was 0.0472
at a pressure of 5 bars, while the maximum error value was
04365 at a pressure of 4.5 bars. The lowest error value fora 10
kDa membrane is 0.2855 at 9 bars of pressure, while the max-
imum error value is 0.5734 at 10 bars of pressure. The data
was then presented using a graph indicating the relationship
between the volume of permeate produced from the experi-
mental data and the time calculation. If the resultant graphs
coincide, the filtering equation model is appropriate for use
with the data acquired by this inquiry, and CV and Ve values
may be computed. Figures 3a, 3b, and 3c show the graph of
permeate volume against time acquired on 50 kDa, 30 kDa,
and 10 kDa PES membranes following the ultrafiltration tech-
nique.
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According to the results of utilizing the filtration model
equation shown in Figures 3a, 3b, and 3c, this model equa-
tion is appropriate for analyzing the link between permeate
volume and time. This is proven by the data volume and es-
timated volume figures, which tend to match. The graph in-
dicates that the larger the filtration rate, the longer the filtra-
tiontime. Thisisinduced by the development of a cake on the
membrane’s surface, which restricts filtration and covers the
membrane’s pores. Based on the batch filtration model cre-
ated in this work, the model may be used to determine the pa-
rameter parameters in ultrafiltration membrane separation
to purify proanthocyanidin and other phenolic compounds.
It is vital to give attention to the cake formation process on
the surface of the membrane to create a better performance
with high permeability values and a more precise separation
process.

4. CONCLUSION

Experiments and prediction data reveal that the batch filtra-
tion model can be used to separate proanthocyanidin com-
pounds from sorghum pericarp extract with similar perme-
ate volume values. As shown by the batch filtration model's
SSE values for each MWCO, PES 50 kDa has 0.3855-0.9965,
PES 30 kDa has 0.0472-0.4365, and PES 10 kDa has 0.2887-
0.5734. Transmembrane pressure and MWCO affect how
successfully ultrafiltration membrane technology separates
proanthocyanidins. Permeation flow increases with trans-
membrane pressure, and depending on membrane and fluid,
MWCO affects permeability due to bigger membrane holes.
Fluids may readily move through membranes with higher
MWCO. In addition to accelerating feed flow and overcom-
ing resistance, high transmembrane pressure enhances the
buildup of chemicals for protrusion component breakdown,
resulting in a blocking mechanism at the membrane surface
or pores. According to Hermia's model, the majority of foul-
ing formation mechanisms are caused by the formation of a
cake layer on the membrane surface with an R? value > 0.99 at
each MWCO size of the PES membrane, followed by standard
model blocking, intermediate blocking, and complete block-
ing.
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NOTATION

A =membrane surface area, cm?

. t=time, minute

. J=Fluks, L/m2.h

. Jo =Fluksatt=0, L/m2.h

V = permeat volume, L

. n=fouling mechanism value

K¢ = Hermia’s model constant for complete blocking, s
K = Hermia's model constant for standard blocking, m™
K; = Hermia's model constant for intermediate blocking,
5-05.-05

10.Kg = Hermia’s model constant for cake layer formation
model, s m~
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11. 4Y = filtration rate, L/h

12. Cv = filtration constant, cm?/s

13. Ve = equivalent volume, mL

14. K = permeability

15. APc = pressure drop

16.X = cake porosity

17. x = mass fraction of solids in slurry
18. L = cake thickness, cm

19. p = viscosity, gram/cm.s

20.0 = density, gram/mL

21. ps = solids density at cake, gram/cm?
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