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ABSTRACT

Ultrafiltration is a key technology for treating dairy wastewater; however, its efficiency is often hindered by critical
challenges such as membrane fouling and concentration polarization. To mitigate these issues, one effective approach
involves optimizing operational parameters to enhance system performance and longevity. In this study the influence of
key operational parameters on the performance of a lab-scale low-pressure ultrafiltration membrane system for treating
dairy wastewater model were investigated. The optimization focused on three critical factors: transmembrane pressure
(TMP), stirring speed, and membrane molecular weight cut-off (MWCO). Key performance metrics, including permeate
flux, membrane retention efficiency, and total, reversible, and irreversible membrane resistances, were analyzed. The
results showed that the optimal conditions were identified using a 20 kDa polyethersulfone membrane, with a TMP of
0.3 MPa and a stirring speed of 400 rpm. Statistical analysis was conducted to further refine and validate the optimization
of these parameters.
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1. INTRODUCTION

The escalating environmental challenges driven by rapid population growth have highlighted the urgent need
to protect natural water resources [1,2]. Among the key sectors contributing to this issue is the dairy industry,
which consumes significant volumes of water and generates complex wastewater streams, posing substantial
management challenges [3,4]. The adoption of advanced, reliable technologies, such as hybrid or combined
processes, is essential for the effective treatment of high-organic-content wastewater [5]. In this context,
ultrafiltration, a membrane-based separation process, has emerged as a promising solution and is increasingly
integrated into industrial and wastewater treatment applications [6].

A major limitation of membrane-based processes is membrane fouling, which is often accompanied by
concentration polarization [7-9]. Membrane fouling significantly reduces permeate flux, compromises
rejection efficiency, and increases energy consumption [10,11]. It occurs when foulants, including particulate
matter, colloidal particles, biomacromolecules, and various organic, inorganic, and biological substances,
adhere to the membrane surface or within its pores [12]. This adhesion obstructs or reduces pore size, leading
to diminished permeation flux and altered separation efficiency [13,14]. Fouling is categorized as irreversible
when foulants block membrane pores, impeding permeate flow, or reversible when a cake layer forms on the
membrane surface, increasing overall resistance [15,16]. Fouling consistently reduces membrane
performance by decreasing active surface area, shortening membrane lifespan, and increasing operational
and replacement costs [17-19].

To address fouling, optimizing operational parameters such as transmembrane pressure, stirring speed, and
membrane molecular weight cut-off are critical [20]. Adjusting these parameters influences fouling behavior;

DOI: https://doi.org/10.14232/analecta.2025.1.45-58

45


mailto:awsaltayawi@uomosul.edu.iq

Analecta Technica Szegedinensia
Vol. 19, No. 1 ISSN 2064-7964 2025

for instance, stirring speed is considered essential for maintaining a uniform concentration gradient across
the membrane surface, which directly influences the permeate flux. An increase in stirring speed has been
shown to enhance the mass transfer of solutes to the membrane surface, thereby reducing concentration
polarization and improving the overall filtration rate [21,22]. Moreover, transmembrane pressure (TMP) is
another critical parameter that governs the driving force for permeation through the membrane [23]. A higher
TMP has the potential to increase the permeate flux; however, it may also result in higher fouling rates,
highlighting the necessity of fine-tuning this parameter for specific applications [24,25]. Furthermore, the
molecular weight cut-off value of the membrane plays a pivotal role in determining the selectivity of the
ultrafiltration process. The selection of membrane cut-off directly affects the separation efficiency of target
solutes from the feed solution [26-28]. This study systematically investigates the optimization of key
operational parameters to enhance filtration performance in dairy wastewater treatment. Stirring speed,
transmembrane pressure, and molecular weight cut-off were optimized using a lab-scale model.
Comprehensive statistical analyses, at a significance level of p<0.005 and a confidence interval of 0.95, thus
helping to confirm the most appropriate choice, were conducted to refine these parameters, providing robust
insights into their influence on ultrafiltration efficiency.

2. MATERIALS AND METHODS

2.1 Typical Parameters for Membrane Filters

The performance of a membrane is typically characterized by several key parameters. Filtration efficiency is
commonly quantified through permeate flux, as defined by Equation (1) [9,29]. Membrane selectivity is
assessed based on retention or rejection rates, expressed mathematically in Equation (2) [30,31].
Additionally, the economic viability of the process can be evaluated in terms of membrane resistance.

In the initial stages of membrane filtration and in distilled water measurements, the resistance is solely due
to the hydrodynamic resistance of the membrane. However, in reality, the total resistance (RT) (Equation. 3)
is consist of several factors, including membrane resistance (RM) (Equation. 4), the resistance of the
polarization layer on the membrane surface (RREV) (Equation. 5), and the resistance caused by fouling of
the pores (RIRREV) (Equation. 6). [32-34].

Moreover, transmembrane Pressure Difference was calculated with (Equation. 7) [35,36], Volume Reduction
Ratio (VRR) was calculated with (equation. 8) [37,38], and Reynolds Number was calculated with (equation.
9) [39-42].
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2.2. Wastewater Model Preparation

The model effluent similar to dairy wastewater was freshly prepared before each measurement. Skimmed
milk powder (Tutti Kft., Hungary) and anionic detergent (Chemipur CI80, Szeged, Hungary) were adjusted
to concentrations of 5 g Lt and 0.5 g L%, respectively, using tap water at 25 ° C. This concentration range
aligned with the existing literature on the chemical oxygen demand (COD) values for average dairy
wastewater [43], The recorded average values recorded of the model effluents were as follows: COD [mgL"
115200, turbidity [NTU] 1150, pH 8.7, and electrical conductivity [mS] 0.89.

2.3. Laboratory Equipment

A static stirred laboratory ultrafiltration system (Merck Millipore, Germany) was utilized. PES (polyether
sulfone) membranes of various cut-off values (10, 20, and 50 kDa), together offering an effective filtration
area of 0.0036 m?, were used in the apparatus. The transmembrane pressure was managed by the nitrogen
gas control of the bottle and a pressure regulator valve. The filter was released through a tube on the bottom
plate, maintaining a compression ratio of 2 (VRR=2, volumes reduced from 100 ml to 50 ml). Continuous
permeate mass measurements were recorded using an electric balance (Kern EW, Germany).

2.4. Laboratory Membrane Filtration Measurements

A fresh preparation of the model dairy wastewater in the specified concentration ratios was used for each
measurement. A membrane support, permeate drainage mesh, and PES membrane were inserted into the
stainless steel bottom of the unit. The glass cylinder wall was placed on the O-ring, followed by the cover,
and a membrane wetting process of 30 minutes was started at a low pressure of 0.05 MPa by loading clean
water. The flux of the pure membrane permeate was subsequently determined. The remaining water from
the unit was removed and 100 ml of the initial freshly homogenized effluent was loaded into the apparatus.
The instantaneous mass of the permeate was recorded at given time intervals using the balance software. The
stirring speed (n) and pressure (TMP) were set and the VRR was performed up to twice rate, that is, until 50
mL of filtrate was obtained. When the measurement was complete, the reversible polarization layer was
removed from the membrane surface, placed back in the unit, and the run-off time was recorded again. Thus,
the irreversible resistance value was calculated later using Equation (6). The initial effluent, concentrate, and
permeate were then collected to perform analytical measurements.

Turbidity, conductivity, total dissolved solids (TDS), and chemical oxygen demand (COD) were also
measured. During the first series of measurements, experiments were carried out with different
transmembrane pressures (2 bar and 4 bar), stirring speeds (0 rpm, 200 rpm and 400 rpm) and different cut-
off values (10 kDa, 20 kDa and 50 kDa). All possible pairings were combined to obtain the most detailed
statistical evaluations (using Statistica), and the optimum was selected based on filtration time, quality, and
economy.

2.6. Analytical Instruments

Analytical instruments were used to assess the filtrate, initial model wastewater, and concentrate samples.
These instruments included a Thermo Scientific Orion 5-Star Plus Multifunction Benchtop Meter (Thermo
Fisher Scientific, Massachusetts, USA) for pH measurement, a Hach 2100N Turbidimeter (Hach Company,
Colorado, USA) for turbidity measurements, destructive block Lovibond RD 125 and photometer Lovibond
MD 200 (Tintometer Group, Dortmund, Germany) to determine organic matter content through COD, and a
portable instrument Voltcraft Cond, TDS, Salt, KBM-90 (Voltcraft, Hirschau, Germany) to assess TDS,
conductivity, and salinity.
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3. RESULTS AND DISCUSSION

3.1. Fluxes

Six measurements were conducted with different membranes pore-size, TMP and stirring speed. The initial
flux values measured with different pore size membranes ranged from 90-120 Lm~2h"! for the 10 kDa, 100-
160 Lm2h! for the 20 kDa, and 110-180 Lm2h"! for the 50 kDa membrane, and were then subject to an
intense decrease of 60-70% already up to a VRR of 1.05. This decrease was expected, because flow conditions
in membrane separation processes are predominantly established at the beginning of filtration due to fouling,
and their efficiency and flux values also decrease with time. This was followed by a flattening, converging
phase. Very similar responses in flux trends to pressure and changes in stirring rate were observed for
membranes of different cut-off values (10-20-50 kDa). The decrease in flux observed with increasing
rotational speeds from 200 to 400 rpm for a 50 kDa cut-off membrane is attributed to the effects of shear
forces, concentration polarization, and fouling dynamics. At lower speeds, fouling and concentration
polarization are mitigated by the action of shear forces. Although an improvement in flux is initially achieved
at higher speeds through foulant removal and enhanced mass transfer [44], a reduction in permeate flow is
caused by the compaction of fouling layers under excessive shear [45]. Furthermore, membrane properties,
such as porosity, are affected by higher shear forces, affecting the filtration performance, as identified in
studies on optimal rotational speeds [46]. The time variations of the flux values measured with the 20 kDa
cutoff membrane are shown in Fig. 1. It can be observed that at more intense stirring (both at 200 rpm and
400 rpm), the filtration rates were remarkably accelerated, and their flux values were set to values orders of
magnitude higher compared to the filtration processes without stirring.
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Figure 1. Variation of permeate fluxes as a function of time at different pressures and stirring speeds
(MWCO=20 kDa; T=25°C).

It is essential to determine the type of flow within the unit. Fig.2 presents the Reynolds humber values for
different stirring speeds. At speeds of 200, 300, and 400 rpm, the Reynolds numbers are 4108, 6162, and
8215, respectively, indicating turbulent flow. At a speed of 100 rpm, a transitional flow is observed. Due to
increasing the stirring speed the turbulent flow will dominate, resulting in increasing the permeate fluxes
[47,48].
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Figure 2. Reynolds number values as a result of increasing stirring speed.

For more efficient analysis, a linear line/curve was also fitted to the initial flux values in the work. It was
found that due to the flow conditions at the beginning of the filtrations and the intense membrane fouling, it
is indeed linearly decreasing in all cases. In fact, it was observed that the extent of this intense decrease was
largely determined by the overall duration of the filtration and the magnitude of the average flux values. The
steeper the slope of the linear curve fitted to the initial flux values where the data were measured up to 5 g
of runoff, the stronger the magnitude of the initial flux drop, thus reaching the converging phase sooner. The
effect of pressure and membrane pore size increased this slope, while the presence of stirring did not change
the magnitude of the initial flux drop to any great extent. Compared to the 10 kDa membrane cutoff, the
average fluxes of the 20 and 50 kDa membranes were higher. As pressure increased, the average flux values
also increased by approximately 25%, and the filtration time at 4 bar was significantly reduced compared to
2 bar. However, it should be noted that the initial flux decrease was also more pronounced. The average flux
value also improved with the presence and then the stirring speed. Lemmer et al. (2020) [47] in were shown
similar trend of permeate flux increase with increasing stirring speed. The average flux increases are
illustrated in Table 1 below:

Table 1. Variation of average flux values with pressure, stirring speed, and membrane pore size.

Average flux values
Measurements [L m?h?]
10 kDa 20 kDa 50 kDa

2 bar, 0 rpm 36.02 37.33 39.43
2 bar, 200 rpm 38.25 39.74 41.1
2 bar, 400 rpm 40.41 41.21 39.97
4 bar, 0 rpm 45.39 46.91 44.31
4 bar, 200 rpm 48.42 51.64 51.82
4 bar, 400 rpm 48.44 51.88 51.07

The trends in the measured data and the calculated data according to Equation (1) were analyzed using
ANOVA. Calculations were performed with the Statistica program. The results of ANOVA for the flux are
illustrated in Fig. 3. To show the differences caused by changing the parameters, we plotted the average
values with the confidence intervals at the 0.95 level. A statistically significant difference (p<0.05) was
observed in the average fluxes of the 20 kDa and 50 kDa membranes compared to the cutoff value of the 10
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kDa membrane. Similarly, increasing pressure and stirring speed also had statistically significant effects. The
average flux values for filtration at 2 bar compared to filtration at 4 bar, and increasing stirring speed from
0 rpm to 200 rpm or from O rpm to 400 rpm, all resulted in statistically significant improvements.
Furthermore, increasing pressure led to a significant difference in the slopes of the initial flux drop. The slope
decreased by approximately 60 units at a pressure of 4 bar compared to that at 2 bar.

Fluxes [Lm?h™]

Current effect: F(2, 12)=4,1187, p=,04347 Current effect: F(1, 12)=240,52, p=,00000
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Figure 3. Results of ANOVA: average flux values as a function of the membrane cutoff value (a), pressure
(b), and stirring speed (c).

3.2. Membrane Retention

The retention values of the membranes for turbidity, total dissolved solids, salts, and organic matter content
were determined. No large differences in turbidity and conductivity retention were observed when the
parameters were varied, whereas for organic matter retention, the differences were more significant. The
retention of turbidity exceeded 99.9% in all cases, indicating that most of the turbidity-related substances
were retained, even by the membrane with the highest cutoff value of 50 kDa. In general, high suspended
solids reduction is achieved through ultrafiltration, based on the pore size of the membrane relative to the
size of the suspended solids particles. The values for total salinity retention were low, averaging around 2-
10%, since most of the ions were allowed to pass through the ultrafiltration membranes.

Fig. 4 shows the percentage change in retention values with increasing pressure and varying stirring speed
for ultrafiltration with a 10 kDa cutoff membrane. From the results, it was observed that the retention value
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of organic matter given in COD was not significantly affected by the pressure with the 10 kDa cutoff
membrane but was improved by stirring at 200 rpm and 400 rpm. It should be noted that a trend of 5%
variation was observed, indicating that changing the operating parameters does not significantly improve
retention percentages. For the 20 kDa cutoff value (Fig.5), the pressure magnitude slightly reduced the
retention percentage, while the stirring magnitude contributed significantly. Similarly, for the 50 kDa cutoff
membrane (Fig.6), both increasing the pressure magnitude and the stirring speed improved the organic
matter retention values, although by only 15% overall.
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Figure 4. Retention values of the 10 kDa membrane as a function of organic matter content, based on
COD measurements (T=25°C).
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Figure 5. Retention values of the 20 kDa membrane as a function of organic matter content, based on
COD measurements (T=25°C).
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Figure 6. Retention values of the 50 kDa membrane as a function of organic matter content, based on
COD measurements (T=25°C).

The results of ANOVA also confirm that the effect of the stirring speed on the retention values was found
to be positive with a significant difference. However, the increase from 200 to 400 rpm did not yield a
significant improvement; only a small enhancement (considering the confidence interval at the 0.95 level) is
depicted in Fig. 7.
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Figure 7. Results of ANOVA: average retention values as a function of stirring speed (a) and pressure (b).

3.3. Resistances-in-Series Model

The resistance values such as membrane, irreversible, reversible, and total resistances were determined using
Equations (5), (6), (7), (8), respectively. Variation in the membrane cutoff value did not lead to significant
differences in the trend of total resistance values. Consequently, the results presented in Fig. 8. are based on
a single membrane with a cutoff value of 20 kDa. It was observed that the total resistance values decreased
with increasing stirring speed, while they increased significantly with higher pressure. Specifically, a 22%
reduction in total resistance was observed at a stirring speed of 200 rpm compared to the resistance measured
at 2 bar pressure and 0 rpm, and a 64% reduction was observed at 400 rpm under the same pressure
conditions. When comparing the total resistance at 4 bar pressure and without stirring, improvements of 38%
at 200 rpm and 61% at 400 rpm were recorded. In the absence of stirring, increasing the pressure from 2 bar
to 4 bar resulted in a 120% increase in total resistance, which is 75% higher compared to resistance at 200
rpm and 40% higher compared to 400 rpm. The smallest improvement, 38%, was achieved on resistance at
4 bar with 0 rpm and 200 rpm, while the largest improvement, 84%, was observed at 2 bar and 0 rpm. Fig.
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8. shows that the total resistance during filtration at 4 bar and 0 rpm is nearly six times greater than that at 2
bar and 400 rpm. Similar trends, with slight deviations, were seen at lower pressures without stirring
compared to higher pressures at high stirring speeds. The positive impact of the increase in stirring speed
was found to be less significant than the negative impact of the increase in pressure, although the detrimental
effect of higher pressure was somewhat mitigated by the increase in stirring speed.
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Figure 8. Changes in resistance values at different stirring speeds and pressures with the 20 kDa membrane

(T=25°C).

Of the resistance values, the reversible resistance was clearly identified as the dominant one, representing
80-90% of the total resistance. This dominance can be advantageous in terms of the positive effects of
changes in the cleaning and flow conditions. At cutoff values of 20 kDa and 10 kDa, similar results were
obtained for total resistance, with pressure values increasing considerably and stirring speed decreasing it.
On the contrary, for the 50 kDa membrane, a slight decrease in reversible resistance as a percentage was
observed compared to the other cut-off values, resulting in increased irreversible values. This indicates more
fouling in the membrane pores, which would not respond to simple surface washing/rinsing. Additionally, it
can be noted that minimally higher irreversible fouling is observed for membranes with higher cutoff values.
ANOVA revealed that there were no significant differences in resistance reduction with changes in the pore
size of the membrane. However, for the total resistance value, significant differences were observed when
increasing the pressure from 2 bar to 4 bar and increasing the stirring speed from 0 rpm to 200 rpm, and then
from 200 rpm to 400 rpm. These results are illustrated in Fig. 9, considering the 0.95 confidence interval
level.
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Figure 9. Result of ANOVA: average of total resistance values as a function of membrane cutoff value (a),
pressure (b), and stirring speed (c).

By comparing the measurements and the statistical analysis, it can be concluded that increasing the stirring
speed strongly reduced (i.e. improved) the total resistances, while the magnitude of the applied pressure did
not significantly decrease and the cut-off values did not significantly affect the total resistance value and its
percentage distribution. The conclusion of the study of the operational parameters indicates that the flux
values increased with increasing the cutoff value of the membrane and also with increasing the stirring speed
and pressure. Organic matter retention was greatly improved by stirring, but the other parameters were not
significantly altered. The total resistance was not significantly affected by the cutoff values, while the stirring
speed decreased, i.e., improved it, and the pressure increased, i.e., worsened it.

4. CONCLUSIONS

This study investigated the impact of optimizing operational parameters on ultrafiltration performance using
a laboratory-scale membrane separation unit and a dairy model effluent. A comprehensive analysis was
conducted to evaluate flow dynamics and ultrafiltration efficiency by systematically varying key operating
parameters, including transmembrane pressure, stirring speed, and membrane molecular weight cut-off.
Experimental results encompassed a broad range of filtration conditions to determine optimal performance
settings. The findings revealed that increasing pressure and stirring speed significantly enhanced average
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flux, while retention values remained relatively stable. The optimal operating conditions were identified as
a 20 kDa membrane, a transmembrane pressure of 3 bar, and a stirring speed of 400 rpm.
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ABBREVIATIONS

TMP  Transmembrane pressure [Pa]
RT Total resistance [m-1]

RM Membrane resistance [m-1]
RIRR  Irreversible resistance [m-1]
RREV Reversible resistance [m—1]

A Membrane surface area [m2]

J Flux [L m-2 h-1]

\% Permeate volume [m3]

t Filtration time [s]

R Retention [%]

CF Concentration of the feed [mg L-1]
CP Concentration of the permeate [mg L-1]
MWCO Molecular weight cut-off [kDa]

pmi Module inlet pressure value [Pa]

pmo Module outlet pressure value [Pa]

p0 The pressure on the permeate side [Pa]

VRR  Volume Reduction Ratio [-]

Vf Volume of feed [m3]

Vp Volume of permeate [m3]

JWB  The initial water flux before filtration [L m-2 h-1]

nw Water viscosity at 25°C [Pa.s]

JWA  Water flux of the membrane after filtration [L m-2 h-1],
nw The dynamic viscosity of water at 25 °C [Pa.s]

Re Reynolds number [-]

p The solution density [kg m—3]

v Velocity [m s-1]

d Diameter of the magnetic stirrer [m]
n Solution's viscosity [Pa.s]

TDS  Total dissolved solids
COD  Chemical oxygen demand
PES Polyethersulfone
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