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Abstract

The purpose of the study was to evaluate the suitability of modified polyethersulfone (PES) ultrafiltra-
tion membranes for application in a closed water circulation system within a rubber industry facility.
Research focused on analyzing the transport and separation properties of tubular membranes during
ultrafiltration of wastewater generated from the washing vulcanized rubber hoses. The experiments
were carried out using the UF-1 membrane system supplied by APEKO SP. z 0.0. The study assessed
the efficiency of ultrafiltration membranes in wastewater purification and their regeneration effective-
ness. Key parameters to evaluate ultrafiltration performance included separation coefficients (R% )
for non-ionic surfactants (NIS) and chemical oxygen demand (COD). The results demonstrated that
the tested membranes significantly improved the visual quality of the wastewater and exhibited a
high separation efficiency for the analyzed contaminants (RNS =95%, RCOD =85%). However, during
closed-loop filtration at 20x contaminant concentration in the retentate, membrane fouling substantially
reduced its hydraulic performance. Chemical cleaning after three consecutive filtration cycles restored
approximately 70% percent of the initial efficiency of the m embranes. These findings highlight the
potential of modified PES membranes for industrial wastewater treatment while highlighting the need
for optimized fouling mitigation strategies in closed-loop applications.

Keywords: ultra-filtration; PES; membranes; water recovery; closed loop; non-ionic surfactants; rubber
industry effluent

1. Introduction

Polyethersulfone (PES) is an advanced polymeric material characterized by high mechanical
strength, thermal resistance, and excellent chemical properties. Its unique structure, based on aromatic
rings connected by sulfone and ether bridges, provides exceptional stability, making it one of the most
commonly used materials in membrane technology. PES membranes have a wide range of applications
in various industries, such as aerospace, medicine (e.g. production of hemodialysis filters), water
treatment, and wastewater treatment[1]. PES membranes come in different forms, such as flat, spiral,
or tubular, which differ in construction and application. In particular, tubular membranes, due to their
high resistance to contamination and ease of cleaning, are frequently used in challenging industrial
conditions [2].

In the context of the rubber industry, ultra-filtration using PES membranes can play a crucial
role in the optimization of wastewater treatment processes. Reuse of treated wastewater in industrial
facilities allows the implementation of a closed water loop, reducing the demand for fresh water and
decreasing the amount of discharged wastewater, contributing to the realization of the principles of
sustainable development. The implementation of this technology enables compliance with stringent
environmental standards and generates economic benefits by reducing costs associated with water
purchase and wastewater disposal. Such systems, depending on the level of wastewater contamination,
e.g., used in the food industry, can achieve recovery rates of up to 95% [3].
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Ultra-filtration (UF) is an advanced membrane separation technique that effectively removes sus-
pended particles, macromolecules, and organic contaminants from aqueous solutions. As a result,
ultra-filtration finds widespread application in various sectors, such as water treatment, wastewater
treatment, food processing, and pharmaceutical industries [4]. One of the limitations of the ultra-filtration
process using PES membranes is the fouling phenomenon, which reduces process efficiency by membrane
clogging. To minimize this effect, various modifications of the PES material are employed [5,6].

The inherent hydrophobic nature of polyethersulfone (PES) makes membranes prone to foul-
ing, which can result in reduced efficiency, increased operational costs, frequent chemical cleaning
requirements, and ultimately shorter membrane lifespan [7-9]. Sequently, research on PES membrane
modifications focuses on enhancing their hydrophilicity, selectivity, and stability. These modifications
are achieved primarily by incorporating nanomaterials into the membrane surface to alter its roughness
[10]. Compared to integrally asymmetric membranes, nanocomposite membranes fabricated with
nanoparticles demonstrate superior permeability and reduced fouling intensity. Studies have shown
that membranes incorporating inorganic particles such as zeolites, silica, or metal oxides within their
structure also exhibit improved transport properties [11].

Examples of such modifications include the integration of membrane material with spherical silica
particles [12] or the use of a mixed matrix membrane (MMM) with the addition of carbon nanotubes
prepared by phase inversion [13]. Studies show that increasing the concentration of carbon in the
membrane material results in increased nominal permeability [14].

Mixed matrix membranes, depending on the nanofillers used, acquire different functional prop-
erties. Research on the impact of additives such as TiO2 and SWCNT-COOH demonstrates that
when these membranes are used for ultra-filtration of wastewater with organic contaminants, they
significantly alter the parameters of the UF process. PES-TiO2 membranes exhibit excellent antifouling
properties but have poorer separation coefficients, while PES-SWCNT-COOH membranes show the
highest cleaning efficiency but quickly lose permeability [15]. Other additives used to modify PES
membranes include cellulose nanocrystals, which significantly improve membrane hydrophilicity
[16]. One of the effects of modifying ultrafiltration membranes using nanofillers is the creation of
nanohybrid membranes. This technology involves creating a two-layer membrane. Such membranes
are produced using dry-wet phase inversion to form flat sheet membranes. This study is expected to
provide insight into improving new strategies that facilitate PES membrane separation based on PES
membranes as an effective and efficient technology for treating industrial water [17].

In industrial applications using filtration membranes, bio-fouling, or colonization of membranes
by microorganisms, often occurs. Bio-fouling is a serious problem in membrane systems because it
requires regular chemical cleaning, which shortens the membrane’s lifespan and reduces product
quality. To prevent this, biocides are added [18].

Due to modifications, PES membranes, especially in tubular form, exhibit excellent filtration
performance, high resistance to fouling, and long lifespan, suggesting that they would be an ideal
solution for applications such as wastewater treatment in the rubber production process.

Wastewater from the rubber industry is characterized by, among other things, a high content
of chemical oxygen demand (COD) and high concentrations of non-ionic surfactants (NIS). This
characteristic of wastewater pollution is caused by the production technology, where rubber products
are vulcanized using steam. This process involves heating the rubber compound in closed molds
or in an autoclave using steam, which allows for effective crosslinking of rubber molecules under
high temperature and humidity conditions. However, the presence of steam introduces additional
challenges in terms of adhesion of adhesion rubber to the mold and protection of production equipment.
Steam, as a heating medium, can increase the risk of the rubber compound sticking to the mold and
contribute to the formation of deposits and corrosion on the mold surface. To counteract these problems,
specialized anti adhesive agents are used that meet the specific requirements of processes carried out
under steam conditions. The use of anti adhesive agents in the steam vulcanization process is crucial
for obtaining high-quality rubber products and for production efficiency. The most commonly used
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agents, such as talc, silica flour, silicone emulsions, wax emulsions, or fluoropolymer preparations,
must be adapted to specific process conditions, such as temperature, humidity, and the intense action
of steam. The appropriate selection and application of these agents not only prevents rubber from
sticking to molds, but also extends the life of the molds, increases production efficiency, and reduces
costs associated with equipment maintenance. However, these agents, which are necessary to carry
out a proper and effective vulcanization process, introduce an unfavorable environmental aspect
by releasing toxic substances into the aquatic environment. Therefore, research on environmentally
friendly anti adhesive agents is being conducted [19,20]

However, the topic of wastewater treatment from the rubber production industry does not have
abundant resources in the available scientific literature and is still a novelty. Until 2010, no more than
10 articles on this topic per year can be found, around 15 articles in 2015, and after 2020, the number of
articles in this topic significantly increases to 40-50 articles per year. From the available literature, up
to 48% of all articles on this topic have been published in the last 5 years [21]. Therefore, it is evident
that this is an intensively developing research area that needs further investigation.

The main goal of the conducted research was to determine the suitability of the ultra-filtration
process on modified PES membranes for use in a closed water system in a production plant in southern
Poland, specializing in the production of rubber components for the automotive industry. The intended
application is to enable the reuse of process water from washing vulcanized rubber hoses, which
currently goes to sewage systems. This process would include preliminary treatment and water
recovery for reuse in production processes. Particular attention was focused on parameters such as the
content of non-ionic surfactants (NIS) and chemical oxygen demand (COD), which determine the main
contaminants in this type of wastewater. Reducing these parameters determines the effectiveness of
process water treatment.

2. Materials and Methods
2.1. Investigated Wastewater

The Wastewater examined originated from the washing process of vulcanized rubber hoses prior to
their final assembly. The washing of the rubber hoses was performed using warm water without detergent
additives. The primary source of contaminant in this wastewater consisted of surfactants derived from
the anti-adhesive lubricant (Rheolase 487LG) used during the rubber vulcanization process using steam.
This lubricant originated from the vulcanization stage preceding the washing process.

The lubricant adhered to the rubber hoses when operators of steam autoclaves applied it during
the placement of the hoses in shaping molds. This application served two purposes: (1) to reduce
friction and facilitate the molding process, and (2) to protect the rubber hoses from mechanical
damage and adhesion to the molds. The Rheolase 487LG lubricant exhibits high water solubility, fully
dissolving at temperatures exceeding 45 ° C [22]. This property influenced the decision to conduct
surfactant separation studies at a wastewater temperature of approximately 35 ° C.

A high level of chemical oxygen demand (COD) is characteristic of organic antiadhesive agents,
which contain substances that are readily oxidized in aqueous environments, such as fats, oils, waxes,
and water-soluble organic compounds.

As a result, the investigated wastewater exhibits the following concentrations of pollutants:

e COD:300mg/L to 500 mg/L
. Nonionic surfactants: 90 mg/L to 200 mg/L

The target values expected after the ultrafiltration (UF) process are:

e COD:<200mg/L
*  Nonionic surfactants: <20 mg/L

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

The studies conducted used 18 tubular membranes of the ESP04 type, manufactured by PCI
Membranes and made of modified polyethersulfone (PES). The ultrafiltration process was carried
out using a pilot installation, UF-1, supplied by APEKO Sp. z o0.0. (Poland). The selection of these
membranes was based on their well-documented advantages, which are particularly beneficial for the
intended application.

This type of membrane has previously been used in studies conducted by WozZniak P. and Gryta
M. [23] on wastewater from car washed wastewater, where their excellent separation properties were
confirmed for similar contaminants (high surfactant content, elevated levels of COD, and waxes).

Due to their tubular design, these membranes are especially effective in filtering liquids with high
viscosity and significant amounts of suspended solids. Their wide flow channels are highly resistant to
clogging. Additionally, the surface of these membranes is protected against biofouling using a biocide.
The biocide used is Proxel GXL, provided by Azelis Essential Chemicals, which is a water-based agent
containing 20% dipropylene glycol.

2.3. Experimental Installation

For the study on the efficiency of industrial wastewater treatment using membranes made from
modified PES, a pilot installation UF-1 type supplied by APEKO Sp. z o.0. was used Figure 1.
The nominal installation capacity, achieved with new membranes and using clean water (softened
municipal tap water was used for testing), is 221 L/m?/h.

Figure 1. View of the APEKO UF-1 pilot installation (own picture).

Components of the installation Figure 2:

1. Cylindrical PCI B1 module equipped with 18 membranes

2. High-pressure circulation pump CAT

3. Electrical box with control panel

4. IBC 100L tank, wastewater buffer for ultrafiltration

5. Cleaning chemical tank

6. Standard permeate container, plastic bucket with a measuring scale

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Operation diagram of the APEKO UF-1 pilot installation.

=

ZS — Wastewater tank, IBC 1000 L

FW — Inlet filter, string-wound 50 pm

P — Process pump, high pressure CAT model 1051

ZR - Control valve that regulates the inlet flow

MM - PCI B1 membrane module with PCI ESP04 membranes

ZP — Permeate tank

The installation was equipped with a membrane module with the following parameters:

*  Membrane material: modified PES

e Diameter of the cylindrical B1 module with 18 membranes: 100 mm
*  Number of internal channels: 18

e Diameter of internal channels: 12.7 mm

¢ Membrane length: 1200 mm

®  Operating range of pH: from 1 to 14

¢  Maximum operating pressure: 30 bar

¢  Maximum operating temperature: 65 ° C

*  Hydrophilicity: 4 (scale from 1 to 5 according to PCI Membrans scale)
*  Molecular Weight Cut-Off: 4 kDa

*  Solvent resistance: insensitive

e Active filtration area: 0.9 m2 [24].

2.4. Membrane Regeneration

Membrane regeneration was carried out through a chemical cleaning process using two Ecolab
agents from the Ultrasil series:

e P3 Ultrasil 02
e P33 Ultrasil 11

P3 Ultrasil 02 is an alkaline liquid cleaning detergent based on surfactants and sequestrants[25]. P3
Ultrasil 11 is an acid cleaning agent used as a complement to alkaline cleaning (with P3 Ultrasil 02).
The purpose of the alkaline agent is to remove organic contaminants, while the acidic agent eliminates
mineral residues [26].

The chemical cleaning solution for the membranes was prepared according to the manufacturer’s
recommendations: 50 g of the alkaline agent Ultrasil 11 and 30 ml of the acidic agent Ultrasil 02 were
dissolved in 50 L of softened tap water from the facility’s water treatment station. The prepared
solution was heated to 50 ° C and then pumped through the membrane module for 1 hour, while
maintaining a constant feed pressure of 10 bar.

2.5. Analyzed Parameters

The study determined the transport and separation conditions of the membranes during testing
of the membrane module. Changes in the volumetric permeate flow over time / depending on the
amount of filtered wastewater were assessed. Approximately 2 m? of wastewater was filtered in three
research cycles

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The permeate flux was calculated using the formula:
J=V/Fxt

where:

* ] -volumetric permeate flux [L/m?h]

* V- volume of permeate obtained during time t [L]
e F-active membrane area [m?]

e t—time [h]

The nominal permeate flux (for clean tap water) for the tested membrane module was:

Jn = 3,33L/(0,9m? % 0,01667h) = 221,3L/ (m? * h)

The contaminant rejection coefficient for the tested membrane was calculated using the following
formula:

R=(1-Cp/Cn) =100
where:

* R - contaminant rejection coefficient [%]
* ;- contaminant concentration in the permeate
e Cj - contaminant Concentration in the feed wastewater

During the tests, parameters of the raw wastewater and the obtained permeate were determined, such
as the chemical oxygen demand (COD) and the content of nonionic surfactants (NIS) under various
ultrafiltration process conditions.

The analysis of these parameters was performed using a Hach DR9000 spectrophotometer and
cuvette tests LCI400 (for COD analysis) and LCK433 (for nonionic surfactant analysis), supplied by
Hach Lange Poland Sp. z 0.0. On the basis of these parameters, separation coefficients (R, %) were
calculated for key contaminants present in this wastewater.

2.6. Research Methodology

Due to technical limitations, it was not possible to connect the pilot installation directly to the
fresh wastewater stream. Therefore, the wastewater was collected from a common sump that serves all
the washing machines in the production hall into a 1 m? plastic IBC tank and subsequently subjected
to ultrafiltration from this tank. To evaluate the performance of the membrane installation, three
consecutive trials were carried out, each maintaining a constant feed flow rate of 23 L/min. As the
ultrafiltration efficiency decreased, the feed pressure gradually increased from an initial value of 15 bar
to 25 bar. Higher pressure was achieved by adjusting the pump operation, while constant feed flow
was maintained by regulating the inlet proportional valve. The three filtration cycles were performed
in the following sequence:

¢  Filtration of 600 L of wastewater in a closed loop, yielding 510 L of permeate over six hours, with
an initial feed pressure of 15 bar increased to 20 bar by the end of the cycle.

¢  Chemical cleaning cycle at 50°C for 1 hour, followed by rinsing with clean water.

¢  Filtration of 600 L of wastewater in a closed loop, yielding 570 L of permeate over six hours, with
an initial feed pressure of 15 bar increased to 25 bar by the end of the cycle.

¢  Chemical cleaning cycle at 50°C for 1 hour, followed by rinsing with clean water.

e  Filtration of 600 L of wastewater in a closed loop, yielding 570 L of permeate over six hours, with
an initial feed pressure of 15 bar increased to 25 bar by the end of the cycle.

¢ Chemical cleaning cycle at 60°C, followed by rinsing with clean water.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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After each chemical cleaning cycle, membrane performance was evaluated by filtration using clean
softened municipal tap water to assess the effectiveness of the cleaning process and the potential for
membrane regeneration, thereby mitigating fouling phenomena.

The operation of the membrane installation was monitored using the electronic control panel of the
UEF-1 device (Figure 3), which recorded all process parameters, including time, flow rate, temperature,

pressure, etc.
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Figure 3. Screen of the APEKO UF -1 pilot installation controller (own picture).

To ensure comparable initial conditions, after each trial the membranes were regenerated by
chemical cleaning using a solution of water with alkaline and acidic agents at 50°C for one hour. The
third chemical cleaning cycle was performed at an elevated temperature of 60°C. This variation was
designed to evaluate whether the temperature of the cleaning solution influences cleaning effectiveness.

The chemical cleaning procedure, intended to restore initial membrane performance by removing
inorganic fouling with acids and organic fouling with alkaline agents, is widely recognized in the
literature as highly effective. However, contaminants adhering to the membrane surface, such as
nonionic surfactants, are generally considered difficult to remove, although this also depends on their
molecular structure.

Following chemical cleaning, the membrane module was rinsed with softened water at a neutral
pH. After rinsing, membrane performance was reassessed by filtration of clean and softened municipal
tap water to verify the efficacy of the cleaning.

3. Results

During the studies conducted, the membrane transport conditions (Figures 4-7) were monitored
by observing changes in volumetric permeate flux (membrane performance) over time while maintain-
ing a constant feed flow rate. Furthermore, the separation conditions of the key contaminants were
analyzed by determining the concentrations of nonionic surfactants (NIS) and pollutants measured by
the chemical oxygen demand (COD) parameter (Tables 1-3).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Change in volumetric permeate flux over time during ultrafiltration of wastewater at 35 ° C and a
constant feed flow rate of 23 L/min.
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Figure 5. Change in volumetric permeate flux over time during ultrafiltration of wastewater at 35 ° C and a
constant feed flow rate of 23 L/min.
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Figure 6. Change in volumetric permeate flux over time during ultrafiltration of wastewater at 35 ° C and a
constant feed flow rate of 23 L/min.
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Figure 7. Comparison of membrane module performance after subsequent chemical cleaning cycles.

Table 1. Results of analyses performed in the first test cycle.

Sample . UF process o o
number Description time [hemin] NIS [mg/L] Rnis[%] COD [mg/L] Rcopl%]
P1 Raw 0:00 73,9 219
wastewater
P2 Permeate 0:05 10,6 85 50,3 77
Concentrated
P3 wastewater 1 2:50 246,0 554,0
(Retentate)
P4 Permeate 1 2:50 27,16 89 83,2 85
Concentrated
P5 wastewater 2 5:02 679,0 848,0
(Retentate)
P6 Permeate 2 5:02 34,3 95 104,0 87
Table 2. Results of analyses performed in the second test cycle.
Sample Description UF process NIS [mg/L] Rnis[%] COD [mg/L] Rcopl%]
number time [h:min] NIS
P7 Raw 0:00 86,5 240,0
wastewater
P8 Permeate 0:05 18,0 79 51,6 78
Concentrated
P9 wastewater 1 1:52 119,0 333,0
(Retentate)
P10 Permeate 1 1:52 23,8 80 74,8 77
Concentrated
P11 wastewater 2 4:05 363,0 630,0
(Retentate)
P12 Permeate 2 4:05 26,6 92 68,6 89
Concentrated
P13 wastewater 3 5:52 657,0 1074,0
(Retentate)
P14 Permeate 3 5:52 33,2 95 118,2 89

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Results of analyses performed in the third test cycle.
Sample . UF process o o
number Description time [h:min] NIS [mg/L] Rnis[%] COD [mg/L] Rcopl%]
P15 Raw 0:00 78,1 204,0
wastewater
P16 Permeate 0:05 20,0 74 52,2 74
Concentrated
P17 wastewater 1 1:50 99,7 254,0
(Retentate)
P18 Permeate 1 1:50 14,5 85 35,6 86
Concentrated
P19 wastewater 2 4:16 187,0 496,0
(Retentate)
P20 Permeate 2 4:16 17,9 920 54,9 89
Concentrated
P21 wastewater 3 6:05 1000,0 1181,0
(Retentate)
P22 Permeate 3 6:05 55,6 94 130,0 89

3.1. First Research Cycle

The results of the first research cycle revealed significant changes in ultrafiltration performance
over time. At an initial feed stream pressure of 15 bar, after obtaining approximately 400 L of permeate,
a substantial decline in process efficiency was observed. The volumetric permeate flux decreased by
about 40%, from an initial value of 102.8 L/m?h to 65.9 L/m?h. At this point, the contaminants in the
remaining retentate were concentrated three times compared to the initial wastewater. To improve
process efficiency, the feed pressure was increased to 20 bar, temporarily raised the permeate flux
to 81.8 L/m?h. However, after producing an additional 100 L of permeate, the performance of the
process decreased markedly to 28.7 L/m?h, leading to the termination of the first research cycle.

¢ After obtaining 510 L of permeate and more than 5 hours of filtration, the process efficiency
decreased by 70%.

* A reduction in nonionic surfactant concentration was observed, with rejection rates of Ryjs = 85%
for the initial wastewater and Ryjs = 95% for the concentrated retentate at the end of the cycle.

¢ The chemical oxygen demand (COD) parameter decreased by Rcop = 77% for initial wastewater
and Rcop = 87% for the concentrated retentate at the end of the cycle.

3.2. Second Research Cycle

In the second research cycle, the ultrafiltration process was initiated at a constant feed pressure of
15 bar. After obtaining 150 L of permeate, a decrease in process performance was observed, with the
volumetric permeate flux decreasing from an initial value of 80.8 L/m?h to 68.6 L/m?h, representing
a 15% reduction. In response, the feed pressure was increased to 20 bar, which allowed the permeate
flux to increase to 86.2 L/m?h. After producing 360 L of permeate, the efficiency of the process
decreased again to 70.3 L/m?*h, indicating a further 18% decrease in membrane performance. To
improve efficiency, the feed pressure was increased once more, this time to 23 bar. This adjustment
resulted in a slight increase in permeate flux to 74.8 L/m?h. Ultimately, after approximately six hours
of operation, with 570 L of permeate obtained and a 20-fold concentration of retentate, the process
performance fell dramatically to 41.7 L/m?h.

e After obtaining 570 L of permeate and 6 hours of filtration, the process efficiency decreased by
55%.

* A reduction in nonionic surfactant concentration was observed, with rejection rates of Ryjs = 79%
for the initial wastewater and Ryjs = 81% for the concentrated retentate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  The chemical oxygen demand parameter decreased by Rcop = 78% for the initial wastewater and
Rcop = 85% for the concentrated retentate.

3.3. Third Experimental Cycle

In the third cycle of wastewater ultrafiltration, the process was initiated at a feed pressure of 20
bar. The initial permeate flux was 86.0 L/m?h and decreased linearly over time. After collecting 300 L
of permeate, the volumetric permeate flux dropped to 63.5 L/m?h, corresponding to a 26% decline in
performance. In response, the feed pressure was increased to 25 bar, which resulted in an increase in
process efficiency to 79.8 L/m?h. The subsequent operation of the process was also characterized by a
linear decrease in flux. Ultimately, after obtaining 570 L of permeate and 30 L of retentate concentrated
twentyfold, the ultrafiltration performance decreased by a further 25%, reaching a value of 60.2 L/m?h,
which led to the termination of the experiment.

e After obtaining 570 L of permeate and a filtration time of 6 hours, a 30% decrease in process
efficiency was observed.

¢ A reduction nonionic surfactants content was achieved, with Ryjg = 74% for the initial wastewater
and Ryjs = 94% for the concentrated retentate at the end of the cycle.

® A decrease in the COD parameter was observed, with RCOD = 74% for the initial wastewater and
RCOD = 89% for the concentrated retentate at the end of the cycle.

To ensure consistent initial conditions for each experimental cycle, a membrane regeneration cycle
was conducted between them. As shown by the data presented in Figure 3.4, after each regeneration
cycle, the membranes recovered their performance, although to a progressively lesser extent, indicating
that chemical cleaning was not completely effective. It is also noticeable that after increasing the
cleaning temperature to 60°C in the final experimental cycle, the membrane regained a higher level of
performance. The elevated cleaning temperature allowed for a greater degree of fouling reversibility,
resulting in a 13% higher membrane efficiency compared to cleaning at 50°C.

4. Discussion

The studies and observations indicate that in each successive experiment, the obtained permeate
exhibited significant turbidity removal. The product obtained in every test was visually clear, free of
suspended solids and particulate matter, and showed perfect transparency.

Analysis of the parameters examined, namely COD and non-ionic surfactants (NIS), revealed
that the highest contaminant separation efficiencies (Rnys = 94%, Rcop = 89%) in the permeate were
achieved at the end of the cycle, during ultrafiltration of highly concentrated wastewater when the
membrane was already fouled and operated under the highest applied pressure of 25 bar.

The improvement in membrane separation performance during operation is attributed to the
formation of a filtration cake layer on the membrane surface. The accumulation of contaminants in the
membrane leads to the development of a cake layer which, despite restricting the flow of the permeate
and reducing process flux, simultaneously improves the membrane’s separation capabilities of the
membrane. This phenomenon has been observed and described, among others, by M. Gryta and P.
Wozniak during studies of tubular polymer membranes in the ultrafiltration of car wash wastewater
[23].

The decline in ultrafiltration process performance, manifested as a decrease in volumetric per-
meate flux, is attributed to membrane fouling caused by concentration polarization, adsorption of
feed components within the porous membrane structure, pore blocking, and the formation of a gel
layer on the membrane surface. Membrane fouling is considered reversible if it can be removed by
physical methods such as adjusting operational parameters or rinsing the membrane with water. On
the contrary, fouling resulting from adsorption and entrapment of dissolved contaminants within
membrane pores, which requires chemical cleaning, is regarded irreversible [8]. In the membranes case
of the studied made from modified polyethersulfone (PES), the fouling was only partially mitigated,
even after chemical cleaning.
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Chemical cleaning enabled the recovery of 85% of the initial permeate flux after the first cycle,
63% after the second cycle, and 74% after the third cleaning performed at an elevated cleaning solution
temperature. These results suggest that increasing the cleaning temperature improves the efficiency
of chemical cleaning and allows for more effective mitigation of membrane fouling. Another critical
factor that influences the effectiveness of chemical cleaning is the duration of the cleaning process. In
the present study, the cleaning time was set to 1 hour, based on the assumption that longer operational
interruptions would be undesirable under real-world conditions, making this duration optimal for
process downtime.

Research conducted by Gryta and P. WoZniak on reducing fouling during ultrafiltration of car
wash wastewater demonstrated that 30 minutes of chemical cleaning yielded satisfactory results,
enabling recovery of 70-80% of membrane performance [9]. Accordingly, a one hour cleaning time
was deemed optimal for the present study.

Despite its effectiveness, chemical cleaning has drawbacks, including potential damage to mem-
brane seals, possible negative environmental impacts, and surface degradation of the membrane due
to the alkaline nature of cleaning agents, which can deteriorate membrane separation properties [27].
No adverse effects of chemical cleaning were observed during the conducted experiments; however,
only three cleaning cycles were performed.

The investigated membrane made of modified polyethersulfone (PES) demonstrated effective
separation of target contaminants, achieving separation coefficients exceeding 85% for COD and more
than 80% for nonionic surfactants (NIS), which renders it promising for potential application in a
water recovery system within the examined rubber manufacturing facility. However, a significant
drawback was its susceptibility to fouling, which rapidly caused a substantial decline in permeate flux.
It appears that for optimal operation, the concentration of retentate should not exceed six times that of
the raw wastewater. Under such conditions, the membrane was able to recover more than 85% of its
initial performance after chemical cleaning. In contrast, during subsequent trials where the concentrate
reached a 20-fold concentration, chemical cleaning proved less effective.

Furthermore, it is necessary to consider whether membranes with a molecular weight cut-off
point (MWCO) of 4 kDa, as tested, are optimally selected for the intended application. The results
indicate that while these membranes exhibit excellent contaminant separation performance, they are
less favorable in terms of fouling propensity and permeate flow blockage. Studies conducted by W.
Tomczak and M. Gryta using PES ultrafiltration membranes on wastewater with similar contaminant
profiles originating from car wash facilities-characterized by high COD and elevated surfactant content-
demonstrated that membranes with an MWCO of approximately 10 kDa are better suited for this
purpose. Membranes with lower MWCO values were found to be more prone to fouling under these
conditions [28].

In the actual industrial system under analysis, the wastewater stream that is to be subjected to
the pretreatment process has a flow rate of 3 m3/h. The production process operates continuously 24
hours a day, five days a week. For the investigated PES membrane, the permeate flux ranged from
140 to 180 L/m?h. Therefore, to achieve the required permeate flow and ensure a functional water
recovery system, a minimum active membrane area of 20 m? would be necessary, along with the use of
at least two such modules to provide satisfactory system redundancy.

Comparing the performance results of the PCI ESP04 membranes with studies conducted by P.
Wozniak and M. Gryta, where the same membrane was evaluated against membranes with higher
MWCO values, it can be inferred that the use of a membrane with a higher MWCO, such as the FP100
membrane manufactured by PCI Membranes-made of polyvinylidene fluoride (PVDF) with an MWCO
of 100 kDa-could yield permeate of comparable quality at several times higher flux [23].

Considering the application of the tested PES membrane for the construction of a closed-water
recirculation system in the rubber hose washing process, it can be concluded that this process is highly
effective in improving the visual quality of wastewater and demonstrating very good efficiency in the
separation of chemical contaminants. However, to develop a fully efficient system, it is necessary to
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effectively mitigate membrane fouling. To this end, the ultrafiltration process should be preceded by
preliminary wastewater treatment, such as sedimentation or prefiltration using, for example, string-
wound or sand filters. Further research should focus on membranes with higher molecular weight
cut-off (MWCO) values to evaluate their separation capabilities and confirm improved performance
for this application. Furthermore, in future studies, the use of advanced oxidation processes (AOPs),
such as the Fenton reaction, applied to raw wastewater prior to ultrafiltration could be considered, as
these may reduce membrane fouling and limit the occurrence of fouling phenomena [29].

5. Conclusions

¢  Modified PES membranes, type ESP04 from PCI Membranes, demonstrated high efficiency in the
removal of turbidity from wastewater.

*  The obtained permeate exhibited a significant reduction in the concentration of the analyzed
contaminants.

*  The membranes were prone to fouling and, after approximately six hours of filtration, their
performance decreased markedly; this phenomenon could not be compensated for by increasing
the operating pressure.

*  Membrane regeneration through chemical cleaning with alkaline agents only partially mitigated
fouling, resulting in a permanent performance loss of approximately 30%.

e  For the wastewater studied, ultrafiltration tests should be repeated using membranes with a
higher MWCO parameter, eg, FP100 with MWCO = 100 kDa.

*  More research is needed to assess the potential benefits of applying a preliminary wastewater
pretreatment process prior to ultrafiltration, such as advanced oxidation processes (AOP).
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