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Abstract

The aim of this study was to assess the suitability of polymeric tubular ultrafiltration membranes for
use in a closed-loop water system within a rubber manufacturing plant. The research focused on
determining the transport and separation properties of polymeric tubular membranes during the
ultrafiltration of wastewater generated from washing vulcanised rubber hoses. The tests were
conducted using the installation of the UF-1 membrane supplied by APEKO Sp. zo.0. The study
evaluated the performance of modified PES membranes with a molecular weight cut-off (MWCO) of
4 kDa and PVDF membranes with an MWCO of 100 kDa in the wastewater treatment process, as well
as the effectiveness of membrane regeneration. Given the characteristics of wastewater, the key
parameters for evaluating ultrafiltration performance included the determination of contaminant
separation coefficients (R, %) for non-ionic surfactants (NIS) and chemical oxygen demand (COD), as
well as turbidity reduction. The results demonstrated that the tested membranes substantially
improved the visual quality of the wastewater by reducing turbidity by more than 95%, and exhibited
high separation efficiency for the analysed contaminants, with initial values of Rnxis=95% and
Rcop =85% at the beginning of the ultrafiltration cycle, decreasing to Rnis<10% and Rcop<10% after
several hours of operation. During closed-loop filtration, when a twentyfold concentration of
contaminants in the retentate was reached, membrane fouling occurred, significantly reducing
filtration performance. Chemical cleaning enabled the recovery of approximately 70% of the initial
performance for modified PES membranes and full recovery (100%) for PVDF membranes.

Keywords: polymeric tubular membranes; NIS; COD; rubber wastewater; membranes MWCO; PES
membrane; PVDF membrane; polymeric membranes fouling

1. Introduction

The recovery and reuse of process water in industry currently represents one of the key
challenges related to environmental protection and optimisation of production costs. In the rubber
industry, water consumption is substantial, and wastewater from rubber processing plants contains
high levels of dispersed contaminants, toxic compounds, and organic pollutants characterised by
COD and BOD parameters, as well as surface-active substances [1]. The specific composition of these
effluents is the result of the production technology, in which rubber products are vulcanised using
steam. This process involves heating the rubber mixture in closed moulds or autoclaves with steam,
enabling effective crosslinking of rubber molecules under high temperature and humidity conditions.
However, the presence of steam introduces additional challenges related to rubber adhesion to
moulds and the protection of production equipment. Steam, as a heating medium, can increase the
risk of rubber compound sticking to mould surfaces and contribute to the formation of deposits and
corrosion. To mitigate these issues, specialised anti-adhesive agents are applied, which meet the
specific requirements of processes carried out under steam conditions [2,3]. The use of anti-adhesive
agents in steam vulcanisation is essential to achieve high-quality rubber products and to maintain
production efficiency. Commonly used agents such as talc, silica powder, silicone emulsions, wax
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emulsions, or fluoropolymer-based formulations must be carefully adapted to specific process
conditions, including temperature, humidity, and the intense action of steam [4]. The appropriate
selection and application of these agents not only prevent rubber adhesion to moulds but also extend
the life of the mould, increase production efficiency, and reduce maintenance-related costs.
Nevertheless, these agents, indispensable for proper and efficient vulcanisation, introduce an
undesirable environmental impact through the release of toxic substances into aquatic environments.
Therefore, increasing research efforts are directed toward developing environmentally friendly anti-
adhesive formulations [5,6].

Traditional wastewater treatment methods used in the rubber industry may be insufficient to
achieve the water quality required for reuse in production processes. Consequently, modern
membrane technologies are gaining importance as effective separation solutions that enable water
recovery. In particular, tubular ultrafiltration membranes are widely applied in challenging
industrial environments because of their high resistance to fouling and ease of cleaning [7].
Ultrafiltration (UF) is an advanced membrane separation technique that enables the efficient removal
of suspended solids, macromolecules, and organic contaminants from aqueous solutions. Due to
these properties, ultrafiltration has found broad application in various sectors, including water
treatment, wastewater purification, and the food and pharmaceutical industries [8]. However, in
industrial applications using filtration membranes, the phenomenon of biofouling, microbial
colonisation of membrane surfaces, often occurs and poses a significant problem in membrane
systems. Biofouling requires frequent chemical cleaning, which shortens the life of the membrane
and reduces the quality of the product. To mitigate this phenomenon, biocidal additives are
incorporated into membrane materials [9,10].

In the context of the rubber industry, ultrafiltration employing polymeric tubular membranes
may play a key role in optimising wastewater treatment processes. Reuse of treated effluents within
an industrial facility enables the implementation of a closed-loop water system, thereby reducing the
demand for fresh water and limiting the volume of wastewater discharged, according to the
principles of sustainable development. The introduction of this technology allows compliance with
stringent environmental regulations while providing economic benefits through reduced water
procurement and wastewater disposal costs. Depending on the degree of effluent contamination,
such systems—for example, those applied in the food industry—can achieve recovery rates that
exceed 90% [11,12].

However, the topic of wastewater treatment in rubber manufacturing remains relatively under-
represented in the available scientific literature and is still considered a novel research field. Up to
2010, no more than ten articles per year addressed this subject, increasing to approximately fifteen in
2015, and after 2020, the number of related publications increased significantly to around forty to fifty
per year. In particular, nearly 48% of all publications focused on this topic have been released within
the past five years [13], indicating that it is a rapidly developing research area with strong potential
for further exploration.

The purpose of the present study was to evaluate the applicability of the ultrafiltration process
employing polymeric tubular membranes for implementation within a closed-loop water system at
a manufacturing facility located in southern Poland, which specialises in the production of rubber
components for the automotive industry. The intended application is designed to enable reuse of the
process water originating from the washing of vulcanised rubber hoses, which is currently
discharged into the sewage system. The process would include preliminary treatment and water
recovery for subsequent reuse in production operations. Particular attention was paid to parameters
such as the concentration of non-ionic surfactants (NIS), the chemical oxygen demand (COD), and
the turbidity, which represent the primary contaminants in this category of industrial wastewater.
The reduction of these parameters serves as an indicator of the efficiency of process water
purification.

Two types of polymeric tubular membranes were selected for the study. The first type was made
of modified polyethersulfone (PES). Such membranes are widely applied across various industrial

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 d0i:10.20944/preprints202512.1392.v1

3 of 21

sectors, including aerospace, medicine (e.g., in the production of haemolysis philtres), and water
treatment and wastewater purification [14]. One of the key limitations of ultrafiltration processes that
employ PES membranes is fouling, which leads to reduced process efficiency through membrane
blockage. To mitigate this effect, various material modifications of PES have been developed [15,16].
As a result of these modifications, PES membranes, particularly in tubular form, exhibit excellent
filtration performance, high resistance to fouling, and long operational lifetime, suggesting that they
may serve as an optimal solution for wastewater purification in rubber production processes.

The second group of membranes selected for the study consisted of polyvinylidene fluoride
(PVDF) membranes. These membranes are characterised by high chemical and thermal resistance,
which enables their use under various industrial conditions, including processes involving
aggressive contaminants and elevated temperatures [17]. Furthermore, through simple surface
modification techniques, PVDF membranes can be endowed with hydrophilic and antifouling
properties, effectively reducing the deposition of contaminants and significantly extending the
philtre life [18].

The PES membranes used in this study had a molecular weight cut-off value (MWCO) of 4 kDa,
which allowed for the precise retention of organic contaminants and low-molecular-weight
detergents. This property enabled efficient separation of dissolved substances, which is essential for
obtaining a high-quality permeate. In contrast, PVDF membranes exhibited a considerably higher
MWCO of 100 kDa, resulting in increased membrane permeability. A higher MWCO facilitated faster
liquid flow through the membrane structure while effectively retaining larger solid particles and
colloids present in the feed solution. Such characteristics of PVDF membranes may contribute to a
reduction in the risk of fouling caused by the deposition of larger particles on the filtration surface,
thus improving both the durability and overall performance of the filtration process [19,20].

2. Materials and Methods

2.1. Tested Sewage

The tested wastewater came from the washing process of the vulcanised rubber hoses prior to
their final assembly stage. The washing is carried out using warm water at 45 °C without the addition
of detergents. The main source of contamination in this wastewater comprises surfactants derived
from an anti-adhesive lubricant used during the steam vulcanisation of rubber. This lubricant
originates from the vulcanisation stage that precedes the washing process. It adheres to rubber hoses
when steam autoclave operators apply it to steel moulding fittings to facilitate hose installation. This
operation ensures smooth assembly, prevents mechanical damage, and avoids adhesion of the hoses
to the fittings. The lubricant used in this process, Rheolase 487 LG, is highly soluble in water and fully
dissolves at temperatures above 45 °C [21].

A high chemical oxygen demand (COD) value is characteristic of such organic anti-adhesive
agents, which contain substances that are readily oxidised in aqueous environments, including fats,
oils, waxes, and water-soluble organic compounds [22].

The wastewater samples used in this study were collected from a drainage manhole located in
the production hall and transferred to a process tank over consecutive days of testing. The
characteristics of the wastewater analysed are presented in Table 1.

Table 1. Parameters of sewage collected for testing in subsequent batches.

Parameter = COD NIS Turbidit Conductivit pH TDS TOC TC IC
[mg/L]  [mg/L] y y [uS/cm] [mg/L] [mg/L] [mg/L] [mg/L]
[INTU]
WW1* 219.0 73.9 51.20 287 7.8 184 98.5 126.1 27.6
WWw2 240.0 86.5 50.30 295 7.7 189 108.0 135.5 27.3
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WW3 204.0 78.1 48.70 282 7.9 180 91.8 119.6 27.8
Ww4 418.0 145.0 52.30 331 7.9 212 94.3 121.9 27.6
WW5 630.0 151.0 38.40 195 7.9 125 139.3 166.5 27.2
WWe 488.0 180.0 70.30 318 7.3 203 133.7 162.2 28.5

*WW1 - WW6 - subsequent batches of sewage collected for testing.

2.2. Ultrafiltration Process

In the wultrafiltration experiments conducted, a Bl-type tubular membrane module
manufactured by PCIMembranes Filtration Group was used. The Bl module allows for the
installation of 18 tubular membranes operating in a cross-flow configuration. Due to their tubular
design, such membranes are particularly suitable for filtering liquids with high viscosity and those
containing significant amounts of suspended solids because of their wide flow channels offering high
resistance to blockage and enabling the effective separation of solutions containing solid particles
[23-25]. In addition, the membrane surfaces were protected against biofouling by applying a biocidal
agent. The impregnation agent used was Proxel GXL, supplied by Azelis Essential Chemicals, a
water-based biocide containing 20% dipropylene glycol.

In the study, two types of tubular membranes were used. The first were ESP04 membranes
manufactured by PCI Membranes, made of modified polyethersulphone (PES). Their selection was
justified by numerous advantages that make them well-suited for the intended application. This type
of membrane has been used, among others, in studies conducted by Wozniak P. and Gryta M. [26] in
car wash effluents, where their favourable separation properties for contaminants of similar nature,
such as high surfactant content, elevated COD levels, and the presence of waxes, were confirmed.

The second type of tubular membrane used in the study was FP100 membranes, also
manufactured by PCI Membranes, made of polyvinylidene fluoride (PVDF). These membranes were
characterised by a higher molecular weight cut-off value (MWCO) compared to the modified PES
membranes, indicating the potential for achieving significantly greater process efficiency. The
technical parameters of the tested membranes are presented in Table 2.

Table 2. Parameters of PCI tubular membranes used in the study.

Membrane MWCO Material Diameter pH Max TMP Max T
ESP04 4 kDa PES 12,5 mm 1-14 30 bar 65 °C
FP100 100 kDa PVDF 12,5 mm 15-12 10 bar 80°C

2.3. Research Installation

In the conducted study on the efficiency of industrial wastewater treatment using polymeric
tubular membranes, a pilot-scale UF-1 unit supplied by APEKO Sp. z 0.0. was employed (Figure 2.1).
The nominal performance of the installation, determined for new membranes using clean water, is
presented in Table 3 (softened municipal tap water was used for this purpose). The general view of
the UF-1 installation utilized in the experiments is shown in Figure 1, while Figure 2 illustrates the
schematic diagram of its operational setup during testing.

Table 3. Initial membranes efficiency.

Membrane’s Quantity of Memrane’s TMP Initial flow
type tubes surface

ESP04 18 0.9 m?2 4.0 bar 222 L/m%h

FP100 18 0.9 m? 4.0 bar 762 L/m?/h
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Figure 1. View of the pilot-scale APEKO UF-1 installation. 1 — Cylindrical PCI B1 module equipped with 18
membrane elements 2 — CAT high-pressure recirculation pump 3 — Electrical control box with operating panel
4 -1000 L IBC tank containing wastewater feed for ultrafiltration 5 — Cleaning chemical tank 6 — Reference
permeate container.

«

) ‘
-
Figure 2. Flow diagram of the pilot-scale APEKO UF-1 installation. 1 — Wastewater feed tank 2 — 50 pm string

wound pre-filter 3 - Pump 4 - B1 membrane module 5 — Retentate valve 6 — Permeate valve 7 - Permeate tank
P1 - Feed pressure gauge P2 — Permeate pressure gauge F — Feed flowmeter.

2.4. Analysed Parameters

In the study, the transport and separation conditions of the membranes were determined during
the ultrafiltration of successive wastewater batches. Changes in the volumetric permeate flux were
examined as a function of time and the volume of the filtered wastewater. The permeate flux was
calculated using the following equation:

v
T Fxt

J @

] — volumetric permeate flux [L/m>h] V — volume of permeate obtained over time t [L] F — effective
membrane area [m?] t — time [h]

The nominal permeate flux (for pure water) for the tested membrane module with ESP04
membranes was:
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3,33L L
=22195——+-

N = omz = 0,01667h mZxh @)

The nominal permeate flux (for pure water) for the tested membrane module with FP100
membranes was:

11,43L L
=761,84—— 3)

0= 5 omz+ 0,01667h mZxh

The contaminant separation coefficient for the tested membranes was calculated using the
formula:
Cp
R=1--2%100 4)
Cn

R — pollutant separation coefficient, Cp — pollutant concentration in the permeate, Cn — pollutant
concentration in the wastewater (feed).

During the study, the parameters of the raw wastewater and the obtained permeate were
determined, including chemical oxygen demand (COD), concentration of nonionic surfactants (NIS),
specific conductivity, organic and inorganic carbon content, and turbidity during the ultrafiltration
of successive wastewater batches. Parameter analyses were carried out using a Hach DR9000
spectrophotometer and cuvette tests LCI400 (COD analysis) and LCK433 (nonionic surfactant
analysis), supplied by Hach Lange Sp. z 0.0. Poland. The tests were performed according to Hach
procedures [27,28]. Turbidity was measured using an ESD Model 800 turbidimeter. Organic and
inorganic carbon contents were measured using a TOC-L series analyzer (Shimadzu, Japan). The zeta
potential was determined using the SurPAss electrokinetic analyzer by Anton Paar (Austria). The
measurements were conducted using KCL (0.01 M) as the primary electrolyte and changes in pH
during titration were made by adding solutions of HCI or NaOH (0.1 M). SEM microscopic images
were obtained using a high-resolution scanning electron microscope SUPRA 35 from ZEISS
(Germany). Secondary electron (SE) detection at an accelerating voltage of 20 kV and maximum
magnifications of up to 20000x were used to acquire the images. The chemical composition analysis
of the samples was performed using an energy-dispersive X-ray spectroscopy (EDS) spectrometer
from EDAX TRIDENT XMA4.

2.5. Research Methodology

The study was conducted in a rubber production and processing plant located in southern
Poland, where the pilot membrane installation APEKO UF-1 was mounted directly in the production
hall. Wastewater was collected from a sewer inspection chamber serving the rubber washing
machines into a 1 m?® plastic IBC tank and subsequently subjected to ultrafiltration. To evaluate the
performance of the tested membrane system, successive trials were carried out while maintaining a
constant feed flow rate of 23 L/min. For the ESP04 membranes, the wastewater batch volume was 600
L and the initial feed pressure was 15 bar, which was increased over time to a final value of 25 bar as
process efficiency decreased. For the FP100 membranes, which were expected to provide higher
throughput, the wastewater feed volume was 1000 L. In these tests, the feed flow rate was also
maintained at 23 L/min, while the feed pressure remained constant at 8 bar throughout the filtration
process.

The experiments were conducted in a closed batch configuration under concentration mode, in
which a defined volume of wastewater in the IBC tank was subjected to ultrafiltration. The retentate
was continuously recirculated to the feed tank, while the permeate was collected simultaneously.
This experimental approach, commonly referred to in the literature as the batch method, allows for
comprehensive assessment of the applicability of selected membranes for a given type of wastewater
[29,30]. Such an operating mode led to a gradual increase in the concentration of contaminants
retained by the membrane in the feed tank and to a progressive deterioration of process conditions
on the membrane surface. The process was continued until fouling occurred, resulting in membrane
blockage and a sharp decline in its performance. This made it possible to determine the critical
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concentrate concentration at which the membrane lost its operational efficiency and to evaluate the
effectiveness of fouling removal by chemical cleaning.

After each filtration cycle, the membranes were subjected to chemical cleaning, followed by
performance verification through filtration with softened clean water. This procedure was intended
to assess the cleaning effectiveness and regeneration capability of the membranes, thereby
minimising the effects of fouling. Chemical cleaning, involving the removal of inorganic deposits
using acids and organic deposits using alkaline agents, is widely recognised in the literature as highly
effective [31-33]. However, contaminants adhering to the membrane surface, such as nonionic
surfactants, are generally considered difficult to remove, although the degree of removal efficiency
depends on their chemical structure [34].

Membrane regeneration was carried out through a chemical cleaning process using two Ecolab
products from the Ultrasil series: P3 Ultrasil 02 and P3 Ultrasil 11. P3 Ultrasil 02 is an alkaline liquid
detergent based on surfactants and sequestrants, while P3 Ultrasil 11 is an acidic cleaning agent used
as a complement to alkaline cleaning with P3 Ultrasil 02. The alkaline agent is designed to remove
organic contaminants, whereas the acidic agent eliminates mineral residues. The membrane cleaning
solution was prepared in accordance with the manufacturer’s recommendations. A mixture of 150 g
of the alkaline agent Ultrasil 11 and 30 ml of the acidic agent Ultrasil 02 was dissolved in 50 L of
softened tap water, treated on site using the plant’s water conditioning system. The prepared solution
was heated to 50°C and then circulated through the membrane module for one hour under a constant
feed pressure of 10 bar. Operation of the UF-1 membrane system was monitored through its electronic
control panel (Figure 2.3), which recorded all process parameters such as operating time, flow rate,
temperature, pressure, and other relevant data.

4

1

BR1.PTO1 CISNIENIE PRACY 0-100bar ——

75 938 11251312 15 16881875 21

{
'BRI.FTO1 PRZEPLYW ZASILANIE 037 limin ——
2

— — %
bt % i oA

Figure 3. Screen of the APEKO UF - 1 pilot installation controller (own photo).

For the FP100 membrane, the Zeta potential was additionally determined before the
ultrafiltration of wastewater (for a new membrane) and after the completion of the process. This
measurement was carried out to assess changes in the membrane potential during operation and to
examine how the Zeta potential could affect the filtration efficiency of wastewater containing
surfactants and contaminants expressed as chemical oxygen demand (COD). Furthermore, the
relationship between the Zeta potential and the occurrence of membrane fouling was analysed, as
fouling is one of the key factors limiting the performance of ultrafiltration processes.

The Zeta potential of the ultrafiltration membranes, including the FP100 membrane, was
measured using an Anton Paar SurPASS system, which enables streaming potential measurements
over a wide pH range. Understanding changes in the Zeta potential provides insight into the
electrostatic interactions between the membrane surface and wastewater contaminants, which
influences molecular adsorption and the development of fouling. For example, a shift in the
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membrane’s isoelectric point after filtration suggests a change in surface charge, which affects the
mechanisms governing the retention and deposition of contaminants.

Such analysis is crucial for optimizing the operating conditions of FP100 membranes, allowing
for the assessment of membrane contamination, prediction of fouling rates, and planning of
regeneration and cleaning procedures, thereby improving the durability and efficiency of the
wastewater ultrafiltration process.

3. Results and Discussion

During the experiments, the membrane transport conditions were monitored (Figures 3.1-3.3)
by analysing variations in volumetric permeate flux, which indicates membrane performance, over
time with a constant feed flow rate. To evaluate the efficiency and suitability of the process for the
intended applications, the separation conditions were analyzed for the key contaminants. These
included the concentration of nonionic surfactants (SPCN), the chemical oxygen demand (COD), the
turbidity, as well as the content of total, inorganic and organic carbon (TOC, IC and TC) (Figures 3.4—
3.10).

The experiments carried out with ESP04 membranes involved wastewater batches WW1-WW3,
while for FP100 membranes, the analyses covered wastewater batches WW4-WW6. As expected,
higher performance was achieved for the FP100 membranes, although the measured values were
slightly lower than anticipated. The average volumetric permeate flux (J) reached 70 L/m?h for ESP04
membranes and 120 L/m?-h for FP100 membranes.

120
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Figure 3. 1. Variation of the volumetric permeate flux during ultrafiltration of wastewater at 35°C and under
a constant feed flow rate of 23 L/min. ESP04 membrane.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202512.1392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 do0i:10.20944/preprints202512.1392.v1

9 of 21

washing washing washing
250 °
. . .
°
= 200 o L
2 ) °
E '~ °
2 g0 P » %
; ° \ %
= ocd LY %
3 10 000, e \'
= .~on~... ° \..‘
]
s °
o ° ° °
E s0
]
(-9
0
0 2 4 6 8 10 12 14 16 18 20

Filtration time [h]

Figure 3. 2. Variation of the volumetric permeate flux during ultrafiltration of wastewater at 35°C and under

a constant feed flow rate of 23 L/min. FP100 membrane.
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Figure 3. 4. Content of nonionic surfactants in the feed and permeate during ultrafiltration using the ESP04
membrane.
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In comparative studies of polymeric tubular ultrafiltration membranes FP100 and ESP04,
significant differences in filtration performance were observed, arising from both inherent membrane
properties and operational conditions in which they were employed. FP100 membranes, possessing
a molecular weight cut-off (MWCO) of 100 kDa, were characterised by larger pore sizes, which
translated into higher permeability and superior fouling resistance compared to ESP04 membranes
with a substantially lower MWCO of 4 kDa. Consequently, FP100 membranes exhibited greater
permeate flux during the process, consistent with literature observations indicating that higher
MWCO contributes to reduced pore clogging risk and enables easier flow [27,37,38].

The studies were conducted in a batch system with retentate recirculation to the feed and
permeate collection. In practice, this meant that pollutant concentration in the feed increased over
time, exerting a significant influence on filtration parameters and fouling dynamics. During FP100
membrane operation, constant feed flow and stable transmembrane pressure were maintained,
allowing a linear, gradual decline in permeate flux (Figure 3.2). This linear performance drop,
consistent with fouling models described in the literature [39-41], enables planning of regular
regeneration cycles, minimising the risk of sudden adverse events.

For ESP04 membranes, characterised by very small pores (MWCO 4 kDa), attempts were made
to counteract flux declines by elevating transmembrane pressure. Although pressure increase
transiently boosted permeate flow (Figure 3.1), it simultaneously accelerated membrane fouling,
leading to rapid deterioration of operational parameters and limited effective operating time. This
aligns with literature descriptions that, for membranes with lower MWCO, pressure elevation can
convert the fouling cake layer into a more compact and less permeable structure, restricting flow
[42,43].

Both membranes effectively reduced turbidity in the wastewater by removing suspended solids
and colloids, a typical effect of ultrafiltration. However, with respect to other pollutant parameters,
such as chemical oxygen demand (COD) and non-ionic surfactants (NIS), the membranes provided
good initial separation of these substances, but permeate quality deteriorated as pollutant
concentrations in the feed increased. Such deterioration of permeate parameters is characteristic of
batch systems with pollutant concentration and has been confirmed in other studies, indicating the
need for optimisation of operation and cleaning frequency [44,45].

It was observed that after approximately 6 h of operation for both membrane types, a sharp
process performance decline occurred due to pollutant accumulation, leading to pore blockage and
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increased hydraulic resistance. This phenomenon is frequently described in the literature as a critical
point in membrane operations requiring regenerative intervention [10,46].

Membrane regeneration partially or fully restored their initial properties. ESP04 membranes
recovered approximately 70% of the initial permeate flux, indicating permanent changes arising
during fouling, typical of membranes with smaller pores and complex surface morphology. For
FP100 membranes, the regeneration process allowed near-complete removal of foulants from
membrane surfaces, and subsequent wastewater batches showed an increase in initial permeate flux,
which may suggest improvements in membrane properties or better operational adaptation. The
increase in membrane performance during filtration of successive wastewater batches may also be
attributed to variations in initial contaminant concentration related to production characteristics. The
studies were conducted not on synthetic wastewater but under real production conditions [48,49].

It should be emphasised that although FP100 membranes demonstrated higher overall flux
performance and fouling resistance, significant differences were observed in the separation of
dissolved organic contaminants. ESP04 membranes, having a lower MWCO=4 kDa, exhibited
superior removal of chemical oxygen demand (COD) and non-ionic surfactants (NIS). Practically,
this indicated that ESP04 membranes more effectively separated these dissolved organic substances
from wastewater compared to FP100 membranes, which showed only minor NIS rejection and
negligible COD reduction, as illustrated in Figures 3.8 and 3.9. This aligns with literature indicating
that membranes with smaller pores, i.e.,, lower MWCO, more effectively retain small organic
molecules and dissolved substances, albeit at the expense of reduced permeability and increased
fouling [27,50,51].

In summary, the conducted studies and literature review indicate that membrane pore size
(MWCO) exerts a significant influence on ultrafiltration process efficiency, fouling mechanisms, and
regeneration capabilities. The batch system with retentate recirculation induces an increase in
contaminant concentration in the feed, necessitating consideration in the design and operation of
installations, particularly regarding membrane selection and cleaning strategies. Proper management
of these factors enables effective wastewater treatment through maintenance of high permeate quality
and long-term membrane system performance [52,53].

To identify the fouling characteristics of the FP100 membrane, which demonstrated higher
process performance than the ESP04 membrane, its surface was analysed using scanning electron
microscopy (SEM) and zeta potential measurements before and after filtration. The zeta potential
results for the new and used membranes are presented in Figure 3.11. The new membrane exhibited
a negative zeta potential throughout the investigated pH range. Within the pH range 7 to 8, relevant
to the application conditions of the process, the potential values ranged between -35 and -30 mV.
After filtration, a shift of the zeta potential towards more positive values was observed throughout
the pH range, particularly pronounced at pH < 5. At higher pH values, these differences were less
significant.

The results indicate that the new membrane surface was strongly negatively charged at higher
pH values, approaching the isoelectric point at lower pH values. The most negative values (~ -35 mV)
occurred within pH 4.7-7.8, typical for polymeric ultrafiltration membranes. As pH decreased below
4, a marked reduction in negative charge was observed (approximately -6 to -15 mV), suggesting
protonation of surface groups due to increased concentration of H + ions. This surface charge
behaviour and its modification due to fouling provide insight into membrane fouling mechanisms
and interaction forces at the membrane interface, as characterised in membrane fouling studies using
SEM and zeta potential analysis [54,55].

The data obtained indicate that, at low pH, the membrane exhibits increased susceptibility to
adsorption of positively charged contaminants, whereas under alkaline conditions, its resistance to
fouling by anionic colloids and organic substances increases. A strongly negative zeta potential
promotes electrostatic repulsion of similarly charged particles (anions, colloids, humics), limiting
their adsorption and deposition on the surface. This is particularly advantageous in the analysis
process, as the wastewater subjected to ultrafiltration had a pH in the range of 7.5 to 7.9. Thus, a
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highly negative zeta potential may contribute to reducing the rate of irreversible accumulation of
fouling, facilitating its removal during rinsing, and enabling stable membrane operation under
neutral or slightly alkaline conditions [56,57].

Exceptions may be positively charged species (e.g., Ca2 +, Mg2 + ions) and amphoteric
substances, for which a strongly negative potential promotes adsorption and mineral deposit
formation, leading to inorganic fouling. For non-ionic surfactants and hydrophobic fractions, the
fouling mechanism may be governed by both electrostatic and hydrophobic interactions. In some
cases, a strongly negative surface charge may even enhance the adsorption of selected surfactants.

Comparative analysis of the zeta potential for the FP100 membrane before and after filtration
revealed a significant shift towards less negative, and occasionally positive, values. This change
indicates a modification of membrane surface properties due to adsorption of wastewater
components such as organic substances, colloids, or surfactants. This phenomenon confirms the
occurrence of fouling, resulting in altered surface charge distribution and increased membrane
susceptibility to further contaminant deposition. The shift of the isoelectric point towards lower pH
additionally suggests a change in the dominant surface functional groups. Consequently, the
membrane becomes less negative and more prone to particle aggregation in slightly acidic
environments.

The observed zeta potential shifts post-filtration indicate the need for regular membrane
regeneration or cleaning to restore their original hydrophilicity and separation properties.

To confirm the nature of fouling and changes in zeta potential, a detailed analysis of the
membrane surface and pore structure was performed using electron beam imaging, i.e. SEM
examination.

SEM image analysis of the PVDF polymeric filtration membrane with a nominal MWCO of 100
kDa, obtained at magnifications from 63x to 176x, allowed a detailed assessment of its microstructure
and porosity. The surface of the membrane exhibits a distinctly porous structure with pores of
varying sizes and shapes. Areas of increased material density are also noticeable, indicating the
heterogeneous nature of the membrane structure. Local accumulations of deposits and contaminants
are visible on the surface, indicating a presence of fouling, including potential oily deposits. In some
areas, morphological changes, such as cracks or deformations of the membrane layer, were observed,
likely resulting from membrane operation and suboptimal conditions.

The porous structure of the examined membrane aligns with its filtration purpose, where the
appropriate porosity and pore distribution are crucial to achieve effective contaminant separation
while ensuring efficient medium flow. Observations of fouling and local deposits highlight the need
for optimising cleaning procedures to restore the original filtration properties of the membrane.
Additionally, detected mechanical defects and surface changes can adversely affect membrane
durability, requiring systematic diagnostics of operating conditions and potential adjustments to
process parameters.

The EDS elemental composition analysis confirmed the predominant presence of carbon (C),
oxygen (O), and fluorine (F), characteristic of fluoropolymers such as PVDF, from which the
membrane is made (Figure 3.12). At several measurement points, aluminium (Al), silicon (Si) and
sodium (Na) were identified at relatively low mass concentrations of 1 to 3%, which may indicate
process contaminants or membrane auxiliary components. Additionally, the presence of sulfur (S)
and magnesium (Mg) suggests surface contaminants or residues from treatment and operational
processes (Figure 3.13).

The uneven distribution of these elements on the surface of the membrane indicates localised
fouling and asymmetric deposition of contaminants. The dominance of fluorine and carbon is typical
for ultrafiltration membranes made from fluoropolymers, confirming the use of PVDF as the base
material. The presence of elements such as Al, Si, Na, S, and Mg unequivocally indicates membrane
operation in an industrial wastewater environment, where mineral compound deposition and
organic substance accumulation occur. This diversity and localisation of contaminants require
individualised approaches to membrane cleaning and regeneration, and optimisation of these actions
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must include effective removal of mineral deposits (Al Si), fluorine contaminants, and organic
fractions (C, O).

In the context of the electrokinetic properties of the PVDF membrane, the detected elements
significantly influence the zeta potential. Sodium (Na) can modulate the electrostatic charge of the
membrane, shifting the potential towards more positive values or reducing the surface negative
charge. Aluminium (Al) may form hydroxide complexes on the membrane surface, altering the
charge and zeta potential. Silicon (Si), particularly as silicate deposits, modifies surface chemical
properties and electrostatic interactions. Sulphur (S), which is likely present as sulphates, introduces
new functional groups affecting surface charge, while magnesium (Mg) shapes electrokinetic
properties through ionic interactions and complex formation. Changes in zeta potential during
operation arise primarily from these alkali metals, alkaline earth metals, silicates, and sulphur
compounds, which impact surface charge, fouling mechanisms, and cleaning reversibility.

Filtration was conducted on wastewater from the rubber product manufacturing industry,
where contaminants such as sodium (Na), aluminium (Al), and silicon (Si) naturally occur. Rubber
production employs diverse raw materials and additives, including mineral fillers and auxiliary
substances as sources of these elements. Vulcanisation and other thermal processing stages generate
chemical and mineral contaminants that enter industrial wastewater. The presence of Na, Al, and Si
also stems from process water and mineral additives, making their consideration essential for
planning water treatment and membrane regeneration in rubber industry facilities [60,61].

Studies in the literature confirm that the primary fouling mechanisms of PVDF ultrafiltration
membranes are pore blocking and cake layer formation, driven by the adsorption of organic
substances, minerals and metal ions present in wastewater. Optimisation of membrane operation and
cleaning processes should account for the specificity of the contaminant and their impact on
electrokinetic property changes to effectively minimise fouling and extend the life of the membrane
system.

Considering the application of ultrafiltration using tested polymeric tubular membranes to
establish a closed water loop in the washing of vulcanised rubber hoses, this method proves highly
suitable for improving the visual parameters of wastewater by significantly reducing turbidity
(Figure 3.10).). Additionally, low MWCO membranes, such as the ESP04 tested with 4 kDa, exhibit
good separation efficiency for contaminants defined as COD. In contrast, higher MWCO membranes
such as the FP100 tested with 100 kDa showed ineffective separation of dissolved surfactants and
other organics. However, for industrial closed-loop applications in rubber hose washing, the obtained
permeate was of sufficient quality. Thus, from a practical standpoint, FP100 membranes may
represent a preferable choice due to the higher permeate flux and operational stability for this
application.

4. Conclusions

Key final conclusions from the ultrafiltration membrane studies (FP100 and ESP04) on
wastewater from washing vulcanised rubber hoses:

1. FP100 membranes (MWCO 100 kDa) exhibited higher performance and better fouling resistance,
resulting in higher permeate flux and more linear and predictable performance decline.

2. ESP04 membranes (MWCO 4 kDa) achieved superior reductions in chemical oxygen demand
(COD) and non-ionic surfactants (NIS), while FP100 membranes showed minimal separation of
NIS and negligible reduction of COD.

3. Both membranes significantly reduced wastewater turbidity, confirming their effectiveness in
removing suspensions and colloids.

4. Increasing contaminant concentration in the feed due to retentate recirculation in the batch
system led to increased fouling and gradual deterioration of filtration parameters over time.

5. After approximately 6 hours of operation, a sharp decline in permeate flux required membrane
regeneration.
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6. Regeneration of the FP100 membrane completely restored original performance, while the
ESP04 membranes recovered about 70% of initial flux.

7. The strongly negative zeta potential of the new FP100 membrane (-30 to -35 mV at pH value
from 7 to 8, typical for wastewater from the rubber industry at pH 7.5-7.9) provides high fouling
resistance against anionic colloids and organic substances by electrostatic repulsion,
contributing to superior performance compared to ESP04 and stability of the process.

8. After filtration, the zeta potential shifted towards positive values (particularly at pH <5) due to
adsorption of organic contaminants, colloids and surfactants. SEM and EDS analyses confirmed
deposits (Al, Si, Na, S, Mg at 1-3%) and local accumulations, indicating the need for regular
regeneration to restore hydrophilicity and separation properties.

9. The permeate of both membranes met the quality standards for reuse in plant production
processes, crucial for the sustainable management of water resources in industry.
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