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Abstract

Dairy factories annually generate an increasing amount of wastewater, which can cause eutrophication due to high concentrations
of amino acids and lipids. To address this issue, membrane technology has emerged as a promising solution, but membrane fouling
remains a significant challenge, since it can cause decreased flux, decrease membrane rejection performance, and increased energy
demand. This study aimed to reduce membrane fouling by integrated a three-dimensional printed (3DP) turbulence promoter into
an ultrafiltration dead-end cell and varying stirring speeds. Two mathematical models, Hermia and resistance-in-series, were used
to analyze the fouling process. According to both models, the cake layer formation model indicated the most prevalent fouling
mechanism. Specific energy demand, permeate flux, membrane rejection, and membrane reversible and irreversible resistances
were measured, calculated, and compared. The results suggest that the combination of an integrated 3DP turbulence promoter
and high stirring speeds can effectively reduce membrane fouling in a dairy wastewater treatment module.

Keywords 3DP turbulence promoter - Dairy wastewater treatment - Membrane fouling mitigation - Ultrafiltration - Stirring speed

Introduction

Highlights

e Various stirring speeds were utilized in an ultrafiltration dead-end cell.

o The efficacy of integrating a previously designed three-dimensional
printed (3DP) turbulence promoter was evaluated.

e Two mathematical models, the Hermia model and the resistance-
in-series model, were examined.

o The specific energy demand was compared under different conditions.
o The use of a combination of high stirring and 3DP turbulence
promoter in a lab-scale ultrafiltration apparatus led to significant
enhancements in all filtration parameters.

In recent years, there has been a significant increase in the
amount of dairy wastewater discharged annually due to the
growing demand for dairy products (Ji et al. 2020; Miao et al.
2021). The dairy industry is one of the world’s staple indus-
tries and is considered the largest industrial food wastewater
source, particularly in Europe (Kolev Slavov 2017). However,

Responsible Editor: Angeles Blanco

P4 Szabolcs Kertész
kertesz@mk.u-szeged.hu

Aws N. Al-Tayawi
awsaltayawi @uomosul.edu.iq

Nikolett Sz. Gulyés
gulyasn@mk.u-szeged.hu
Balazs Szegedi
szegedib@mk.u-szeged.hu

Jozsef Richard Lennert
lennert.jozsef.richard @ gmail.com

Doctoral School of Environmental Sciences, University
of Szeged, Szeged H-6725, Hungary

Department of Environmental Technology, Faculty
of Environmental Science and Technology, University
of Mosul, Mosul 41002, Iraq

Department of Food Engineering, Faculty of Engineering,
University of Szeged, Szeged H-6725, Hungary

Department of Biosystems Engineering, Faculty
of Engineering, University of Szeged, Szeged H-6725,
Hungary

Department of Mechanical Engineering, Faculty
of Engineering, University of Szeged, Szeged H-6725,
Hungary

Department of Power Electronics and E-Drives, Audi
Hungaria Faculty of Automotive Engineering, Széchenyi
Istvan University, Gy6r H-9026, Hungary

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-30027-4&domain=pdf
http://orcid.org/0000-0001-9760-3008

108908

Environmental Science and Pollution Research (2023) 30:108907-108916

the high levels of proteins and lipids in dairy wastewater pose
challenges for treatment processes, as they alter the pH value
and increase the organic content (Mohebrad et al. 2022). The
resultant pollution from the leakage of untreated dairy waste-
water into the environment is a growing concern (Deka et al.
2022). Conventional technologies such as distillation, adsorp-
tion, and extraction are insufficient to meet the disposal limits
for industrial wastewater treatment (Basumatary et al. 2015).
Therefore, biological and physicochemical treatment technol-
ogies are typically used to treat dairy wastewater. Although
physicochemical approaches have been shown to be effective
in removing chemical oxygen demand (COD), they are costly
due to the use of chemical coagulants (Kumar et al. 2016) In
recent years, membrane technology has emerged as a promis-
ing alternative for the treatment of dairy wastewater due to its
efficiency in reducing organic compounds (Gong et al. 2012;
Catenacci et al. 2020). Several membrane separation technol-
ogies, including reverse osmosis (RO), nanofiltration (NF),
ultrafiltration (UF), and microfiltration (MF), have been used
to treat dairy wastewater (Ahmad and Ahmed 2014; Gonsalves
et al. 2023).

However, the current challenges and limitations of mem-
brane filtration processes are membrane fouling and concentra-
tion polarization (Tan et al. 2014; Leu et al. 2017). Membrane
fouling is a significant issue, as it can decrease flux, decrease
rejection performance, and increase energy consumption
(Saffarimiandoab et al. 2021). Fouling occurs through adhe-
sion and deposition of foulants and filtration of foulant layers,
which can be particulate, colloidal particles or matter, biomac-
romolecules, and organic, inorganic, and biological substances
in various forms (Ferreira et al. 2020). Nonspecific adhesion
of microorganisms and biomacromolecules to the membrane
surface results in blocked or significantly reduced membrane
pores, leading to decreased permeation flux or separation effi-
ciency (Ladewig and Al-Shaeli 2017).

To address this issue, researchers are exploring the use of
three-dimensional printed (3DP) turbulence promoters inte-
grated into membrane modules (Ju et al. 2022). These 3DP
elements offer innovative opportunities to mitigate fouling by
optimizing membrane modules with turbulence promoters
(Armbruster et al. 2018; Soo et al. 2021). This study aims to
investigate the integration of a 3DP turbulence promoter into
an ultrafiltration cell and to evaluate its performance at dif-
ferent stirring speeds. Two mathematical models, the Hermia
and resistance-in-series model, will be applied to identify the
prevailing fouling mechanism.

The main objectives of the study are to assess the impact
of 3DP turbulence promoters on the mitigation of membrane
fouling and to analyze changes in hydrodynamic conditions
and shear rate on the membrane surface. The experiments will
measure the specific energy demand, permeate flux, and mem-
brane rejection to evaluate the effectiveness of the integrated
3DP turbulence promoter. This study builds on a previous
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experiment (Kertész et al. 2023), where various 3DP turbu-
lence promoters were tested and the most promising one was
chosen for this study. By integrating 3DP turbulence promot-
ers into dairy wastewater treatment membrane modules, the
research aims to develop more efficient and sustainable solu-
tions for dairy wastewater treatment and water desalination.

Materials and methods
Preparation of the dairy wastewater model

A wastewater model was prepared by dissolution of 50 g
of skimmed milk powder (Tutti Kft., Hungary) and 5 g of
anionic detergent C180 (Sole-Mizo Zrt., Szeged, Hungary)
in 10 L of tap water at a controlled temperature of 25 °C,
resulting in a final concentration of 5 g-L.=!. The homogeni-
zation process was achieved using a magnetic stirrer for a
duration of 30 min. The chosen concentration of 5 g-L ™! was
based on the typical organic load observed in wastewater
generated by the dairy industry, as reported in the literature
(Posavac et al. 2010; Shete, Bharati, and Shete and Shinkar
2013; Kolev Slavov 2017).

Construction of membrane separation equipment

Laboratory membrane separation experiments were con-
ducted using a Millipore Solvent Resistant Stirred Micro-
and Ultrafiltration Cell (Merck Millipore in Darmstadt, Ger-
many). The cell is composed of a stainless steel bottom and
a borosilicate glass wall. It has an active membrane surface
area of 40 cm?, enabling rapid concentration of laboratory
volume samples of up to 300 mL at a maximum pressure of
5.5 bar.

For this study, a 150 kDa molecular weight cutoff point
(MWCO) membrane was used, which had a pore size of
0.07 pm, a thickness of 250 pm, and a hydrophilicity char-
acterized by an average contact angle of 60°. This indicates
that the membrane is hydrophilic (Sawada et al. 2012). In a
previous study (Kertész et al. 2014), the hydrophilicity of a
polyethersulfone (PES) membrane with a MWCO of 10 kDa
was investigated. The contact angle of the PES membrane
was found to decrease from 43 to 37.7° with a rate of 12.3%
over a period of 240 s. Additionally, Nasrollahi et al. (2018)
reported an average water contact angle value of 70.2° for
the bare PES UF membrane. They compared this result with
their own-produced blended PES membranes containing dif-
ferent concentrations of the CuO/ZnO nanocomposite.

The membrane was placed at the bottom of the ultrafiltra-
tion cell on a thin support mesh. The transmembrane pres-
sure (TMP) required for filtration was applied using nitrogen
gas (Messer, Hungary). The system was continuously stirred
using a magnetic stirrer suspended in the middle of the cell.
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The permeate flux was collected through a plastic tube at the
bottom of the cell, and the amount of permeate was meas-
ured using a scale at the outlet within the volume reduction
ratio (VRR) of 2.

Application and characteristics of the 3DP
turbulence promoter

The experiment used the most optimal design of a single 3DP
turbulence promoter, which was previously selected based on
our prior research (Kertész et al. 2023). These promoters were
fabricated using PLA (polylactic acid) material, chosen for
its superior properties compared to ABS (acrylonitrile buta-
diene styrene) (Atakok et al. 2022; San Andrés et al. 2023).
The fabrication process involved fused deposition modeling
(FDM) technology, using a Creality CR-10S Pro V2 3D printer
(Shenzhen, China). The printing parameters included a layer
thickness of 0.2 mm, a 100% fill density, a tray temperature
of 60 °C, and a printing temperature of 215 °C. The design
of the promoters was carried out using Fusion 360 Autodesk
software (San Francisco, CA, USA), while slicing was per-
formed using the Ultimaker Cura 5.0.0 program (Utrecht, The
Netherlands).

The turbulence promoter had specific dimensions: an outer
layer with a diameter of 65 mm, an inner layer with a smaller
diameter of 39 mm, and a height of 14 mm, comprising 18
panels. The promoter was placed on the membrane’s surface
using two circular rings in its bottom half. The outer ring was
securely attached to the sealing O-ring and remained stable
even during stirring. The promoter’s frame was constructed
by interconnecting baffles between the circular rings, and the
number and arrangement of these baffles had a significant
impact on the flow conditions of the separated materials.

Typical indicators of membrane operations

The performance or efficiency of a specific membrane can
be characterized by specifying several parameters. One of the
most important is permeability, or flux, the volume of filtrate
passing through the membrane per unit of time, and unit of
area. This can be calculated based on Eq. (1) below (Shen
et al. 2022):

dv,
J=—F, 1
dt Ay

[Lem™«h] )

where J is the permeate flux [Lem~2eh™'], Vp is the volume
of the permeate [L], Ay, is the active surface of the mem-
brane [m?], and ¢ is the time [h].

The membrane’s selectivity can be characterized by the
retention, which indicates the percentage of the initial solu-
tion remaining in the retentate for the given component (e.g.,

COD). Retention can be described by the following Eq. (2)
(Lahnafi et al. 2022):

cp
R=<1——>-100[%] )

Cr

where R is retention [%], ¢p is the concentration of the solu-
tion in the permeate [mgsL.~! for COD], and ¢ is the con-
centration of the solution on the feed side (Lahnafi et al.
2022).

Modeling
Resistance-in-series model

During membrane separation operations, the efficiency of
the process deteriorates over time, leading to a decline in
the flux values. This decline can be attributed to concen-
tration polarization or membrane fouling, which can be
determined by monitoring changes in resistance values.
Ideally, the resistance value should only reflect the mem-
brane’s resistance (R;,) (Anis et al. 2022). The hydrody-
namic resistance of the pristine membrane can be calcu-
lated by measuring the water flux prior to filtration, as
this eliminates the formation of a polarization layer on
the membrane surface and prevents pore fouling (Dippel
et al. 2021). The resistance of the pure membrane can be
derived using Eq. (3) (Xu and Chen 2021).

TMP

Ry=——-
Jws * Ny

[m~'] 3)
where TMP is the transmembrane pressure, thus the main
driving force of membrane separation [Pa], Jy; is the water
flux before filtration [Lem~2¢h~'], and nw is the dynamic
viscosity of the water at 25 °C [Pa.s].

Quantification of resistances caused by pore fouling,
namely, irreversible resistance (R gggy) and reversible resist-
ance (Rgpy), requires the dismantling of the module and
subsequent rinsing of the membrane surface. The irrevers-
ible resistance can be obtained through Eq. (4) as proposed
by Xu and Chen (2021). Furthermore, Fig. 1(A) shows a
graphical representation of irreversible resistance.

TMP

Jwa * My

Rigrev = < - RM> [m] 4

where Jy,, is the water flux of the membrane [Lem™2eh™!]
after filtration and R, is the resistance of the membrane [%].

The value of the reversible resistance can be determined
by the following Eq. (5) (Xu and Chen 2021). The principle
of reversible resistance is shown in Fig. 1(B):
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Pore

(A) Membrane (B)

Cake layer

Fig. 1 Principle of the development of (A) irreversible resistance and (B) reversible resistance

TMP .
Regy = ——— ) =R, -R ™' 5
REV <J X n > M IRREV ( )

where Jy,y, is the constant flux measured during wastewater
filtration [Lem™2 h™'], and 7y, is the dynamic viscosity of
wastewater at 25 °C [Pa.s].

In practice, the total resistance (Ry), Eq. (6), consists of
three resistances: membrane resistance, reversible resist-
ance, and irreversible resistance (Szerencsés et al. 2021).

Ry = Ry + Riggpy + Rggy [m™'] (6)

Hermia model

The Hermia model is a useful tool for characterizing and
interpreting the effects of 3DP turbulence promoters and
membrane fouling in membrane filtration processes. Semi-
empirical and empirical mathematical models, such as the
Hermia module, are commonly employed to analyze these
phenomena. The Hermia model, initially developed by
Hermia in 1982, provides a semi-empirical mathematical
approach to describe the decline in permeate flux. This
model is based on traditional constant pressure filtra-
tion methods and has been widely used to characterize
membrane occlusion. The models of complete blocking,
intermediate blocking, standard blocking, and cake layer
have been defined using the Hermia model (Sreedhar et al.
2022).

Reynolds number

The hydrodynamic conditions in a membrane filtration cell
were investigated by calculating the Reynolds number (Np,),
a dimensionless parameter in fluid mechanics that charac-
terizes fluid flow patterns by relating inertial and viscous
forces. At low Reynolds numbers, laminar flow dominates,
whereas at high Reynolds numbers, turbulence arises due to
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fluctuations in fluid speed and direction, resulting in eddy
currents that consume energy and promote cavitation in lig-
uids. The Reynolds number plays a vital role in predicting
the onset of turbulence and scaling effects, which can aid in
forecasting fluid behavior on a larger scale. The Reynolds
number (N,) can be expressed as Eq. (7) (Rehm et al. 2008):

_pd

e = (N

N

where p is the density of the solution [kg-m™], v is the veloc-
ity [m-s~'], dis the diameter of the magnetic stirrer [m], and
u is the viscosity of the solution [Pa.s].

Results and discussion
Permeate fluxes

Following laboratory measurements, the permeate fluxes
were calculated and compared with Eq. (1) to determine the
filtration speed. Figure 2 shows the flows during ultrafiltra-
tion at different stirring speeds with and without the inser-
tion of the 3DP turbulence promoter into the cell (indicated
by a robust trendline). After the initial intense downward
trend as a result of rapid surface deposition, a settling phase
follows. In particular, the integration of the 3DP turbulence
promoter led to higher average fluxes in all cases. The total
ultrafiltration times were measured to VRR of 2. The slow-
est time was observed in the control condition, 0 rpm, at
8900 s, while the fastest was in the condition mixed with the
3DP turbulence promoter, at 400 rpm, resulting in 3240 s,
a 2.7-time difference. These findings underscore the impor-
tance of the integration of the 3DP turbulence promoter in
ultrafiltration processes. Armbruster et al. (2018) indicated
that static mixers that feature varying diameters are shown
to be less efficient compared to twisted tape mixers with
a consistent diameter, resulting in an approximately 130%
increase in permeate flux. The most significant improvement



Environmental Science and Pollution Research (2023) 30:108907-108916

108911

Fig.2 Changes in permeate
fluxes as a function of time dur-

ing ultrafiltration 35
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in flux, reaching 140%, is observed when a Kenics mixer
is employed. Irrespective of their geometries, all examined
static mixers lead to higher permeate fluxes at the same spe-
cific energy consumption.

Hermia model results

By fitting the experimental results to the four Hermia mod-
els, the cake layer formation model was found to be the most
prevalent, as evidenced by the close agreement between the
measured and calculated results shown in Fig. 3. The influ-
ence of the stirring speed on the filtration time was also
investigated by plotting the reciprocal of the square of the
flux (1/J?) as a function of time in Fig. 4. The increase in
stirring speed was found to lead to a decrease in filtration
time, which is consistent with the results in Fig. 3. To assess

the precision of the fitting, the R? values were calculated
and presented in Fig. 4. The fitting accuracy was found to
decrease with increasing stirring speed, which can be attrib-
uted to the higher tendency of the polarization layer to be
destroyed at higher speeds. In general, these findings demon-
strate the effectiveness of the Hermia model in predicting the
filtration performance under different operating conditions.

The cake layer formation model was selected as the most
appropriate model to evaluate permeate fluxes in the filtra-
tion process because of its simplicity and ability to describe
fouling mechanisms effectively. It assumes the formation of
a cake layer on the membrane surface, composed of accumu-
lated particles and impurities from the feed solution, leading
to decreasing permeate fluxes over time (Corbatén-Baguena
et al. 2015). This model aligns well with the characteris-
tics of dairy wastewater and the specific properties of the

35
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w
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0
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(A) Filtration time [s]

35
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Fig. 3 Line representation required for the accuracy of cake layer formation (Hermia) model fitting in measurements A without turbulence pro-

moter and B with turbulence promoter
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Fig.4 The R? values of the cake layer formation (Hermia) model A without turbulence promoter and B with turbulence promoter

Table 1 Fouling model constants (k,)

Stirring speed Without 3DP turbulence ~ With 3DP
promoter turbulence

promoter

kg [s m™] kg [s m™]
Control (0 rpm) 9.43-107° 9.42.10°°
100 rpm 6.56 - 107° 4.00-107°
200 rpm 6.39-107° 276 -107°
300 rpm 2.82-107° 1.93-107°
400 rpm 1.72-107° 1.25-1076

membrane. On the other hand, other models in the Hermia
model, such as the complete blocking model, the intermedi-
ate blocking model, and the standard blocking model, have
different assumptions and equations that are less suitable.

The compatibility of the cake layer formation model with
dairy wastewater and membrane properties makes it the most
suitable choice for evaluating fouling mechanisms and per-
meate fluxes in this particular study.

Using the cake layer formation model, the fouling model
constants (kg [sem~2]) were also determined and compared
in Table 1. On the basis of the results, it can be noticed that
the k, values decrease with increasing mixing velocities,
which can be explained by the fact that the particles near
the membrane surface are less able to deposit and thus form
a polarization layer on the surface of the membrane.

Retention of organic matter by membrane
The rejection or retention values of the organic matter con-

tent by the membrane at various mixing velocities are pre-
sented in Fig. 5. Retention values ranged from 45.1 to 57.5%.

Fig.5 Results of the membrane
retention value for organic
matter
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The percentage of rejection increased with an increase in
the stirring speed, with the highest value of 54.1% obtained
at a stirring speed of 200 rpm without the 3DP turbulence
promoter and 57.5% at 300 rpm with the 3DP turbulence
promoter. The lowest value was recorded at 0 rpm for both
cases, with and without the 3DP turbulence promoter. The
use of a 3DP turbulence promoter at a stirring speed of 100
rpm produced satisfactory results. However, no significant
differences were observed at 400 rpm in both cases, 53.7%
and 55.1%, respectively. Integration of the 3DP turbulence
promoter in all cases demonstrated improvement and pro-
cess enhancement. Therefore, the differences were a 3.8%
increase for 100 rpm, a 1.2% increase at 200 rpm, a 5.5%
improvement at 300 rpm, and about a 1.4% improvement
at 400 rpm. The results suggest that the use of the 3DP tur-
bulence promoter does not significantly affect the retention
values, but results in a slight improvement. According to
Ghosal et al. (2022) multiple 3D printing methods, employ-
ing a variety of materials, are utilized to achieve customiz-
able properties such as surface area, thickness, and rough-
ness. The primary aim of employing these techniques is to
improve the efficiency of removal of various organic pollut-
ants during wastewater treatment.

Membrane resistance values

The hydrodynamic resistance values of the membrane,
including reversible, irreversible, and total resistance, were
determined using Egs. (3), (4), (5), (6), and are presented
in Fig. 6. The results indicate that the reversible resistance
is the most significant, suggesting that membrane fouling
occurred likely via the cake filtration model, which is a posi-
tive finding as this type of fouling is easier to remove than
the irreversible one.

The impact of the stirring speed and the 3DP turbulence
promoter on resistance values was investigated. Ultrafil-
tration without the 3DP turbulence promoter showed the
highest total resistance (Ry) value at a stirring speed of 0
rpm, which decreased significantly as the speed increased.
Stirring speeds of 100, 200, 300, and 400 rpm reduced
the Ry values by 28%, 32%, 59%, and 74%, respectively.
In contrast, when using the 3DP turbulence promoter,
even more significant decreases in total resistance were
observed. The Ry values decreased by 43%, 57%, 70%,
and 78% at stirring speeds of 100, 200, 300, and 400 rpm,
respectively. This indicates that integrating the 3DP tur-
bulence promoter into the cell improves the membrane
surface shear rate, leading to more favorable flux values.
Similar results were reported by Ferreira et al. (2020),
who achieved a 78% increase in permeate flux using a 3DP
turbulence promoter. Overall, our findings demonstrate
that the use of a 3DP turbulence promoter can effectively
reduce total resistance and improve filtration performance.

Energy consumption

Through the analysis of energy consumption in the steer-
able membrane separation device, significant key perfor-
mance indicators were identified and analyzed. Since there
was no significant difference with the use of the 3DP tur-
bulence promoter, the findings, illustrated in Fig. 7(A),
demonstrate a linear relationship between the stirring
speed and the active, reactive, and apparent power values
for ultrafiltration without the integration of the 3DP tur-
bulence promoter. The increase in stirring speed resulted
in an increase in energy consumption, but led to lower
specific energy consumption, attributed to the increase in

12
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Fig. 6 Changes in membrane resistance values due to different stirring speeds and the influence of the turbulence promoter. Resistance values for
the measurements A without the 3DP turbulence promoter and B with the 3DP turbulence promoter
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Fig.7 A Changes in the active, reactive, and apparent power values of the ultrafiltration device, and B Reynolds number values as a result of

increasing the stirring speed without 3DP promoter integration

filtration time resulting from the insertion of 3DP turbu-
lence promoters and the subsequent increase in speed. In
particular, the filtration time was observed to increase by
a factor of 2.7. Furthermore, Fig. 7(B) presents a turbulent
trend attributed to the Reynolds number values as a result
of the increase in the stirring speed.

The presentation of the measurement results through a
comparison of specific energy consumption values with
and without a 3DP turbulence promoter during filtration is
a suitable method. As shown in Fig. 8, the specific energy
consumption value for the stirring speeds (100, 200, 300,
400) with a 3DP turbulence promoter demonstrated a nota-
ble reduction in specific energy by approximately 36%,
41%, 49%, and 56% compared to the control condition.

Limitations and challenges

The study carried out at a lab scale on the integrated 3DP
turbulence promoter reveals potential challenges in scal-
ing to a larger industrial size. For successful implementa-
tion, careful consideration of design optimization, mate-
rial selection, and cost-effectiveness is necessary. The
long-term stability and durability of the 3DP turbulence
promoter should be assessed to ensure continuous perfor-
mance in real-world industrial settings, including investi-
gations into wear and tear, fouling, and maintenance.
Although the study shows promising results in reducing
membrane fouling, more research is needed to address the
various foulants of dairy wastewater in real world. Addi-
tionally, the compatibility of the turbulence promoter with

Fig.8 Percentage reduction of
specific power values as a result 100
of the 3DP turbulence promoter
)
X 920
g 80
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various membrane types should be tested, considering that
its effectiveness may vary. Evaluating the economic feasi-
bility of implementing 3DP turbulence promoters is essen-
tial, comparing the costs with the benefits of reduced foul-
ing and energy consumption. The environmental impacts
of using 3D printing materials such as PLA in the turbu-
lence promoter should be considered relative to alternative
solutions.

The effectiveness of the 3DP turbulence promoter and
the ultrafiltration system can vary based on the variabil-
ity in the composition of the wastewater of different dairy
products and processing methods. Regulatory compliance
is crucial to meet specific regulations and standards when
implementing new technologies in industrial wastewater
treatment. To understand its competitiveness and advan-
tages, a comparison with other conventional and emerg-
ing treatment methods should be performed. In conclu-
sion, while the study presents a promising approach to
reducing membrane fouling in dairy wastewater treat-
ment, more research and development is required to
address the limitations and challenges mentioned before
implementing it on a larger scale in real-world industrial
applications.

Conclusions

This study revealed that the integration of the 3DP turbu-
lence promoter precipitated a reduction in the duration of
filtration and a substantial 2.7-fold increase in the perme-
ate flux relative to the control setup. The analysis revealed
the suitability of the cake layer model, among the Hermia
models, for assessing permeate fluxes. Examination of 1/J?
values signified that the use of the 3DP turbulence pro-
moter yielded analogous linear trends in mean flow and
relative permeate fluxes. The investigation demonstrated a
5.5% increase in the rejection of organic matter when using
the 3DP turbulence promoter at 300 rpm. On the contrary,
the Ry values exhibited a 78% decrease at a stirring speed
of 400 rpm. Meanwhile, within the series resistance model,
overall membrane resistance with the integrated 3DP tur-
bulence promoter witnessed a decline. Evaluation of the
ratio of total resistance values elucidated that the reversible
resistance values were the highest, implying that fouling
predominantly followed the cake layer model, consistent
with the Hermia model outcomes. Furthermore, the exami-
nation of energy consumption revealed an increase in prac-
tical energy values with increasing speed, while specific
power values decreased by 44.18% at 400 rpm due to the
reduced filtration time facilitated by the promoter and the
escalation in stirring speed.

Author contributions Conceptualization, Szabolcs Kertész; method-
ology, Szabolcs Kertész and Cecilia Hodir; validation, Aws Nawfal
Al-Tayawi, Gréta Gergely, and Akos Ferenc Fazekas; formal analysis,
Nikolett Sz. Gulyas and Balazs Szegedi; investigation and data cura-
tion, Nikolett Sz. Gulyas, Aws Nawfal Al-Tayawi, and J6zsef Richérd
Lennert; writing—original draft, Nikolett Sz. Gulyas and Aws Naw-
fal Al-Tayawi; writing—review and editing, Aws Nawfal Al-Tayawi,
Szabolcs Kertész, and Cecilia Hodur; supervision, Szabolcs Kertész;
project administration, Szabolcs Kertész. All authors have read and
agreed to the published version of the manuscript.

Funding Open access funding provided by University of Szeged. This
study was financed by the Hungarian National Research, Development
and Innovation Office (NKFI-FK-142414). Szabolcs Kertész is grateful
for the financial support of the Jdnos Bolyai Research Scholarship of
the Hungarian Academy of Sciences (BO/00576/20/4). We also thank
the University of Szeged Open Access Fund (6361) for support.

Data availability Data will be made available on request.

Declarations

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmad S, Ahmed SK (2014) Application of membrane technology
in food processing. In: Food Processing: Strategies for Quality
Assessment. Springer, pp 379-394

Anis SF, Lalia BS, Hashaikeh R, Hilal N (2022) Ceramic nanofiltra-
tion membranes for efficient fouling mitigation through periodic
electrolysis. Sep Purif Technol 303:122228

Armbruster S, Cheong O, Lolsberg J et al (2018) Fouling mitigation in
tubular membranes by 3D-printed turbulence promoters. ] Memb
Sci 554:156-163

Atakok G, Kam M, Koc HB (2022) Tensile, three-point bending and impact
strength of 3D printed parts using PLA and recycled PLA filaments: a
statistical investigation. J Mater Res Technol 18:1542-1554

Basumatary AK, Kumar RV, Ghoshal AK, Pugazhenthi G (2015) Syn-
thesis and characterization of MCM-41-ceramic composite mem-
brane for the separation of chromic acid from aqueous solution. J
Memb Sci 475:521-532

@ Springer


http://creativecommons.org/licenses/by/4.0/

108916

Environmental Science and Pollution Research (2023) 30:108907-108916

Catenacci A, Bellucci M, Yuan T, Malpei F (2020) Dairy wastewater
treatment using composite membranes. Curr Trends Futur Dev
Membr:261-288

Corbatén-Baguena M-J, Alvarez-Blanco S, Vincent-Vela M-C (2015)
Fouling mechanisms of ultrafiltration membranes fouled with
whey model solutions. Desalination 360:87-96

Deka A, Rasul A, Baruah A et al (2022) Treatment of dairy wastewater
with tubular ceramic membrane. Mater Today Proc

Dippel J, Handt S, Stute B et al (2021) Fluid dynamics in pleated mem-
brane filter devices. Sep Purif Technol 267:118580

Ferreira FB, Ullmann G, Vieira LGM et al (2020) Hydrodynamic
performance of 3D printed turbulence promoters in cross-flow
ultrafiltrations of Psidium myrtoides extract. Chem Eng Process
Intensif 154:108005

Ghosal P, Gupta B, Ambekar RS et al (2022) 3D printed materials in
water treatment applications. Adv Sustain Syst 6:2100282

Gong Y-W, Zhang H-X, Cheng X-N (2012) Treatment of dairy waste-
water by two-stage membrane operation with ultrafiltration and
nanofiltration. Water Sci Technol 65:915-919

Gonsalves OS, Zambare RS, Nemade PR (2023) Potential of membrane
technology in food processing systems. Adv Food Process Eng
Nov Process Preserv Decontam Foods 177

Ji S, Ma W, Wei Q et al (2020) Integrated ABR and UASB system for
dairy wastewater treatment: engineering design and practice. Sci
Total Environ 749:142267

Ju'Y, Zhang J, Cai Q et al (2022) Rotary-angle 3D printing multilayer
membrane dead-end filtration for rapid and highly efficient water
treatment. Chem Eng J 139969

Kertész S, De Freitas TB, Hodur C (2014) Characterization of polymer
membranes by contact angle goniometer. Analecta Tech Szeged
8:18-22

Kertész S, Gulyas NS, Al-Tayawi AN et al (2023) Modeling of organic
fouling in an ultrafiltration cell using different three-dimensional
printed turbulence promoters. Membranes (Basel) 13:262

Kolev Slavov A (2017) General characteristics and treatment possibilities
of dairy wastewater—a review. Food Technol Biotechnol 55:14-28

Kumar RV, Goswami L, Pakshirajan K, Pugazhenthi G (2016) Dairy
wastewater treatment using a novel low cost tubular ceramic
membrane and membrane fouling mechanism using pore block-
ing models. J Water Process Eng 13:168-175

Ladewig B, Al-Shaeli MNZ (2017) Fouling in membrane bioreactors.
In: Fundamentals of membrane bioreactors. Springer, pp 39-85

Lahnafi A, Elgamouz A, Tijani N et al (2022) Hydrothermal synthesis
and electrochemical characterization of novel zeolite membranes
supported on flat porous clay-based microfiltration system and
its application of heavy metals removal of synthetic wastewaters.
Microporous Mesoporous Mater 334:111778

Leu M, Marciniak A, Chamberland J et al (2017) Effect of skim milk
treated with high hydrostatic pressure on permeate flux and foul-
ing during ultrafiltration. J Dairy Sci 100:7071-7082

Miao R, Ma B, Li P et al (2021) Mitigation mechanism of ozonation in
the casein fouling of ultrafiltration membranes: possible applica-
tion in dairy wastewater treatment. ] Memb Sci 629:119307

@ Springer

Mohebrad B, Ghods G, Rezaee A (2022) Dairy wastewater treatment
using immobilized bacteria on calcium alginate in a microbial
electrochemical system. J Water Process Eng 46:102609

Nasrollahi N, Vatanpour V, Aber S, Mahmoodi NM (2018) Preparation
and characterization of a novel polyethersulfone (PES) ultrafil-
tration membrane modified with a CuO/ZnO nanocomposite to
improve permeability and antifouling properties. Sep Purif Tech-
nol 192:369-382

Posavac S, Landeka Dragicevi¢ T, Zanoski Hren M (2010) The
improvement of dairy wastewater treatment efficiency by the addi-
tion of bioactivator. Mljekarstvo éasopis za Unaprjedenje Proizv
i Prerade Mlijeka 60:198-206

Rehm B, Haghshenas A, Paknejad AS, Schubert J (2008) Situational
problems in MPD. In: Managed Pressure Drilling. Elsevier, pp
39-80

Saffarimiandoab F, Gul BY, Tasdemir RS et al (2021) A review on
membrane fouling: membrane modification. Desalin Water Treat
216:47-70

San Andrés M, Chércoles R, Navarro E et al (2023) Use of 3D print-
ing PLA and ABS materials for fine art. Analysis of composition
and long-term behaviour of raw filament and printed parts. J Cult
Herit 59:181-189

Sawada I, Fachrul R, Ito T et al (2012) Development of a hydrophilic
polymer membrane containing silver nanoparticles with both
organic antifouling and antibacterial properties. J] Memb Sci
387:1-6

Shen H, Cui C, Wang Z et al (2022) Poly (arylene ether ketone) with
carboxyl groups ultrafiltration membrane for enhanced permeabil-
ity and anti-fouling performance. Sep Purif Technol 281:119885

Shete B, Shinkar NP (2013) Dairy industry wastewater sources, char-
acteristics & its effects on environment. Int J Curr Eng Technol
4106(3):1611-1615

Soo A, Ali SM, Shon HK (2021) 3D printing for membrane
desalination: challenges and future prospects. Desalination
520:115366

Sreedhar N, Mavukkandy MO, Aminabhavi TM et al (2022) Fouling
mechanisms in ultrafiltration under constant flux: effect of feed
spacer design. Chem Eng J 446:136563

Szerencsés SG, Beszédes S, Laszl6 Z et al (2021) Effect of vibration on
the efficiency of ultrafiltration. Analecta Tech Szeged 15:37-44

Tan TJ, Wang D, Moraru CI (2014) A physicochemical investigation
of membrane fouling in cold microfiltration of skim milk. J Dairy
Sci 97:4759-4771

Xu C, Chen Y (2021) Understanding water and solute transport in thin
film nanocomposite membranes by resistance-in-series theory
combined with Monte Carlo simulation. J Memb Sci 626:119106

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Enhancing ultrafiltration performance for dairy wastewater treatment using a 3D printed turbulence promoter
	Abstract
	Introduction
	Materials and methods
	Preparation of the dairy wastewater model
	Construction of membrane separation equipment
	Application and characteristics of the 3DP turbulence promoter
	Typical indicators of membrane operations
	Modeling
	Resistance-in-series model
	Hermia model
	Reynolds number


	Results and discussion
	Permeate fluxes
	Hermia model results
	Retention of organic matter by membrane
	Membrane resistance values
	Energy consumption

	Limitations and challenges
	Conclusions
	References


