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The pharmaceutical industry produces waste that can pose significant environmental and health risks if not
handled properly. The aim of this research is to investigate the microfiltration (MF) method for the treatment of
pharmaceutical waste mycelia (fermentation residue) and to test different operating conditions (different
permeate flows, operating pressures, and treatment times) to identify and determine the optimum setting
conditions. The products resulting from the best operating conditions permeate and retentate and were then
subjected to further chemical characterisation.

The results showed that the operation of the MF pilot plant, consisting of 4 sequentially coupled 0.1 um ceramic
ZrO2 membranes with a total membrane area of 56 m?, was optimal at a permeate flow of 1.2 m3h (pressure of
2 bar, temperature of 60 °C) with a permeate flux of 21.4 L/(m?xh). Two different operating times (3.5 and 8 h)
were tested under these conditions without any clogging of the membranes being detected, neither in the long
nor in the short time of operation. The chemical analysis showed that MF is highly efficient in removing chemical
oxygen demand (COD), which decreased by 67 %, although the removal of other small micropollutants was less
efficient.

1. Introduction

The waste generated by the pharmaceutical industry can pose a serious threat to the environment and human
health if it is not properly treated and disposed of (Adeoye et al., 2024). Pharmaceutical waste comes mainly
from pharmaceutical production, which can be divided into the production of active pharmaceutical ingredients
(APIs) and the production of final pharmaceutical products (FPP). The main problem with waste streams from
the pharmaceutical industry is the transfer of antibiotic resistance genes into the food chain, which can lead to
bacteria becoming immune to antibiotics, which is why appropriate treatment is required (Kotwani et al., 2021).
Besides, another threat to human health and freshwater reserves is the rising of emerging contaminants in the
water and environment, such as pharmaceutical drugs (Alfonso-Muniozguren et al., 2021).

One of the ways of producing pharmaceutical ingredients is through fermentation, which also generates huge
amounts of biological waste consisting of the fermentation medium, metabolites, amino acids and other
components, including cell residues, nutrients, minerals and traces of APIs (Jaseem et al., 2017). It is estimated
that the production of 1 t of API produces between 8 and 10 t of fermentation waste (Hui et al., 2023).

The method chosen for the processing and disposal of pharmaceutical waste depends primarily on its
composition. However, from a circular economy and sustainability perspective, the waste streams could be used
to recover nutrients or to produce other value-added products. In general, fermentation waste (mycelium) is
classified as non-hazardous and is suitable for various biological treatment methods, such as aerobic or
anaerobic degradation with bacteria or biological treatment with fungi (Gong et al., 2020). As it contains large
amounts of water (less than 8 % dry matter), its treatment and disposal are associated with high costs. In
addition to fermentation residues, other waste streams are also produced in the pharmaceutical industry,
including wastewater, which can contain various organic pollutants, suspended and dissolved solids, chlorides,
sulfides, oils and heavy metals (Kumar et al., 2024). Their presence in the environment causes concern, as they
are not biodegradable, are often carcinogenic, and can easily accumulate and cause damage to organs in the
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human body (Okeke et al., 2022). Various studies were dedicated to treatment of pharmaceutical waste, with
the most investigated processes being biological like anaerobic digestion (Yang et al., 2024), physico-chemical
treatment like membrane filtration (Kumar et al., 2024), photocatalytic degradation (Bhattacharjee and
Ahmaruzzaman, 2024), and thermal treatment, such as pyrolysis (Mgharbel et al., 2023) and hydrothermal
carbonisation (Javid et al., 2021). Despite many studies, several questions regarding the treatment of such
waste remain unsolved, and their complex composition requires the treatment of each waste separately.

The aim of this study was to investigate the MF of waste mycelium (fermentation residue) from the
pharmaceutical industry and to find the optimal way of processing it, depending on its physico-chemical
properties. Different operating conditions were tested, and the products, permeate and retentate, obtained from
the experiment with the most optimal operating conditions were characterised using different chemical methods.
They were subjected to analyses such as COD, total phosphorus (TP), total nitrogen (TN) and others. Based
on the results of the analyses, the optimal operating conditions for the treatment of a real sample of waste
mycelium were proposed. The study's distinctive contribution lies in its comprehensive approach to address the
treatment of specific pharmaceutical waste mycelium sample. This is achieved through the utilisation of a pilot-
scale MF unit and the optimisation of specific operational parameters.

2. Materials and methods
2.1 Feedstock

The waste mycelium resulting from the production of an API for one of the commonly used antibiotics was
collected in one of the Slovenian pharmaceutical companies and treated by membrane filtration. The waste
mycelium was not pretreated with any other method prior to membrane filtration.

2.2 Treatment of mycelium

The raw mycelium was treated by pilot MF equipment, which consists of a mycelium-fed buffer vessel equipped
with a mixer. A pump is installed under the vessel, which pumps the fluid (mycelium) to the MF unit. The unit
consists of 4 sequential stages, with 0.1 pm ceramic ZrO> membranes with a net area of 56 m?, set in a Cr-Ni-
Mo steel casing. Each stage is composed of multiple parallel modules. In the first three stages, three parallel
modules are installed at each stage and in the last stage, two parallel modules are installed. Modules in each
stage are of the same capacity, where the first stage has the highest, and the last stage has the lowest capacity.
The second and third stages have the same intermediate capacity. Before each stage, pumps raise the pressure
to the appropriate value and simultaneously produce the heat, raising the feedstock temperature. To counteract
this, a tube heat exchanger is installed at each stage, providing water cooling. Two tubular heat exchangers are
installed at the outlet of retentate and permeate, which are collected as products of membrane filtration to cool
each outlet. For MF, filtration pressure, temperature (average across stages) and permeate flowrate at each MF
stage, i.e. MF unit, can be set. The volume flowrates of permeate and feed are measured with magnetic-
inductive flowmeters. Diaphragm pressure sensors are used to measure the pressure, and temperature is
measured using temperature sensors with Pt100 transducers. The data is measured on-line at each stage and
sent to the equipment display, where it is updated regularly.

During the experiment, temperatures, inlet and outlet membrane pressures of the retentate side, and flowrates
of permeate were recorded by taking a snapshot of the display every 0,5 h during operation. The MF was
performed under the next set of conditions: feed mycelium flowrate of 3.0 m3h, temperature of 60 °C and
pressure of 2 bar. The operating time varies depending on the experiment. Three different permeate flowrates
were tested: 1.0, 1.2 and 1.7 m3h. More specifically, for the experiment at flowrate, 1.2 m%h, the flowrates of
permeate were set to 0.5, 0.3, 0.3, and 0.1 m3/h at stages 1, 2, 3, and 4, considering the capacity difference
between the stages. The flowrates were lower in each subsequent stage, with stages 2 and 3 allowing the same
permeate flow rates. The experiments at the highest permeate flow rate (1.7 m3/h) were conducted at two
different pressures (2 and 2.5 bar), while at a permeate flow rate of 1.2 m3/h the two different operating times
were tested (3.5 and 8 h). When MF was operated for 8 h, a semi-stationary state was achieved around 1 h of
filtration. The permeate and retentate samples collected in the experiment with the optimal operating conditions
were further chemically characterised. The samples were taken from the last stage of MF after 8 h of operation
before the columns were switched to the washing sequence.

2.3 Measurement of chemical parameters

The mycelium raw waste stream, permeate and retentate were collected immediately after MF tests and then
stored at 4 °C in the fridge until further chemical analyses. The samples were analysed for COD, TN, ammonia
nitrogen (N-NH4*), TP and phosphate (PO4%) using appropriate standard methods. In addition, the pH value
was measured using the pH sensor of the Pasco producer.
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3. Results and discussion
3.1 The results of microfiltration tests

The results of MF experiments are shown in Figure 1. At the highest permeate flowrate and the highest pressure
tested (1.7 m%/h, 62.5 °C, 2 h, 2.5 bar), the MF was stopped after ~1.5 h of operation because the pressures at
the membrane outlets increased above 3.5 bar, even though the pressure was set to 2.5 bar. This is inferred to
be due to avery dense i.e., viscous concentrate. Despite the increase in pressure, the concentrate and permeate
flows remained constant, and there were no noticeable changes in the opening of the permeate valves. The
permeate flux, calculated by the equation proposed by Pan et al. (2015), was 30.4 L/(m?xh).

In the second experiment that was conducted at the same permeate flow and temperature (1.7 m3/h, 62.5 °C)
but lower operating pressure (2 bar), the impact of operating pressure on the MF process was studied. Despite
the lower operating pressure, the pressure for the individual membrane filtration columns still increased with
operating time duration, although the increase was slightly lower. The outlet pressure of all membranes was
similar, while the inlet pressure significantly differed. The highest pressure was observed in the case of the first
membrane stage and the lowest at the third stage. The other two stages (2 and 4) were within the pressures of
stages 1 and 3 and exhibited more equal pressures to each other. However, after 2 h of the operation, the
experiment was stopped as an increase in pressure was observed. This indicated that the permeate flow was
too high. Therefore, in the next experiment, the permeate flow of 1.0 m%h was tested.

The experiment at a permeate flow of 1.0 m3/h (60° C, 2 bar) runs 3.5 h, wherein the calculated permeate flux
was 17.9 L/(m?xh). During the operation, except at the beginning of the experiment, no significant pressure
increase was observed in any of the membrane stages, and no clogging was detected. Regarding the operating
temperature, the measurements revealed the highest temperature in the last stage (stage 4), followed by stages
3,2 and 1. This indicated that during the MF, the temperature of the feedstock increased due to several reasons.
The fluctuation of the temperature at each MF stage can be attributed to the nature of regulation. Each pump,
besides raising the pressure, also introduces heat into each stage feed, raising its temperature. During MF, it is
likely that the temperature also increases due to the friction. As mentioned in section 2.2, the cooling for each
stage is provided as a result. It is thought that in the first and second stages, the temperature cannot reach 60
°C since not enough heat is introduced to the feed. This then allows the temperature of the third and last stages
to reach higher values to balance lower stage 1 and 2 temperatures. As a result, it is thought that the first two
stages do not cool much. This can also be noticed in all the diagrams, where the first two stages have
significantly more uniform curves compared to the last two stages. Significant fluctuations could be attributed
mostly to the regulation’s natural slow response of temperature-regulated systems and to the allowed set
temperature interval of £2 °C, allowing the fluctuation between 58 °C and 62 °C.

Due to the encouraging results obtained at a permeate flow of 1.0 m3/h, in the next experiment, the permeate
flow was increased to 1.2 m%nh. Similar results were obtained in the case of lower permeate flow. In addition,
the temperature and the pressure were relatively constant, and no significant changes were noticed during 3.5 h
of operating. In all four stages, a temperature rise was observed at the start of operation due to start-up to reach
the temperature setpoint. The permeate flux in this experiment was higher because of the higher permeate flow
and was equal to 21.4 L/(m?xh).

To investigate the impact of operating time on the MF, the previously mentioned experiment at permeate flow
of 1.2 m3/h was repeated at the longer operating time (8 h). The temperatures varied between 50 and 73 °C,
depending on the MF stage, with an average value of 60 °C for all four stages together. Modules 3 and 4
exhibited higher temperature increases than the other two stages, where the temperature was more constant.
A slight increase in the pressure was also observed in the stages, first after 1.5 h of operation and the second
near 4.5 h of operation, which was again followed by a slight decrease. The changes in pressure are most likely
also related to the temperature. It is thought that the drop in temperature causes the viscosity to rise and density
to increase, making it harder to achieve the specified permeate flowrate, causing the pressure to increase. This
can be clearly seen when looking at the segment between 1 h and 4 h of operating time. In the next time section,
however, an increase in pressure is noticed at the same time as the temperature is increased, which undermines
the dependence on operating pressures. It is also possible that some time lag is present since the change in
pressure won't take effect immediately after the temperature change. To prove this, the MF would need to be
operated multiple times at longer periods of time. Nevertheless, the valves that regulate the flowrate of permeate
were opened to the same extent during the whole time of operation, and clearly, no drop in permeate flowrate
was observed because of this. However, as the operation was stable most of the time, the permeate flow of
1.2 m%h was adopted as the most optimal among the tested flows.

The literature review revealed that membrane filtration processes are also considered highly efficient for the
treatment of pharmaceutical waste streams in other studies. For example, hybrid membrane filtration and
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advanced oxidation processes were found to be highly effective in the treatment of pharmaceutical wastewater
(Rosman et al., 2018). Nanofiltration alone and its combination with electrodialysis with bipolar membranes was
also successfully used to recover nutrients from a microbial fermentation effluent (Knezevi¢ et al., 2022), and a
biological system coupled with membranes, e.g. a membrane bioreactor, was efficient in the removal

pharmaceuticals from water (Alfonso-Muniozguren et al., 2021).
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Figure 1: The temperatures, pressures and permeate flow rates in the MF columns during the experiments
performed at permeate flow of: 1.7 m3h and 2.5 bar (a, b, ¢), 1.7 m%h and 2 bar (d, e, f), 1.0 m3h and 2 bar (g,
h, i), 1.2 m%h at shorter operating time (j, k, ) and 1.2 m3/h at longer operating time (m, n, o)
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3.2 Chemical characteristics of mycelium and products of microfiltration

The chemical properties of raw mycelium, the retentate and the permeate obtained by MF at 1.2 m3/h are shown
in Figure 2. Raw mycelium contains 81.7 g/L COD, 4,460 mg/L TN and 640 mg/L TP. The content of all
parameters, including TN, ammonium nitrogen, TP and phosphate in the permeate decreased compared to the
raw mycelium. The removal efficiency of TP was higher (57 %) than that of TN (24 %). Microfiltration and
ultrafiltration membranes are primarily used to remove relatively large particulate matter, macromolecules and
sub-molecular organic groups, proteins and some higher ions, while smaller organic and inorganic
micropollutants and ions can only be removed by nanofiltration or reverse osmosis (Gupta et al., 2022). The pH
of the raw mycelium was acidic (around 5.2), as was that of the permeate (6.1).

The COD, which reflects the oxygen consumption due to the chemical oxidation of organic substances,
decreased by 67 % in the permeate and increased by 19.5 % in the retentate. Compared to the results of this
study, nanofiltration of spent fermentation broth in one of the previous studies removed between 78 and 85 %
of dissolved organic carbon (DOC), while the combination of nanofiltration with electrodialysis with bipolar
membranes was an even more promising treatment, as it removed 95-98 % DOC, but on the other hand
consumed more energy (Knezevi¢ et al., 2022). Reverse osmosis filtration of oxytetracycline wastewater
reduces the COD content from 10,000 mg/L to less than 200 mg/L, and the additional treatment by ultrafiltration
recovers more than 60 % of the oxytetracycline (Li et al., 2004).
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Figure 2: The content of a) COD, b) TN and N-NH4*, and c) TP and PO4* in raw mycelium, retentate and
permeate

4. Conclusions

The MF of mycelium from the pharmaceutical industry was investigated with a pilot MF unit under different
operating conditions (permeate flow, operating time and pressure) and the optimum operating conditions for the
treatment of the mycelium waste sample were determined. The problem with mycelium is its high viscosity,
which leads to clogging of the membranes and an increase in operating pressure, so the optimal conditions
should be determined individually for each type of mycelium. The chemical analyses showed that MF with the
pilot MF unit tested was very efficient in reducing the COD in the permeate and less efficient in removing nitrogen
and phosphorus. However, the MF system reduces the amount of mycelium that needs to be further treated
with other methods, which can translate into lower treatment costs and is in line with the sustainable approach
and environmental protection. The main outcome is the determination of optimal operating parameters for the
given membranes and the specific mycelium sample. The permeate obtained could be further treated in a
biological wastewater treatment plant. Further studies could aim to investigate the combination of ultrafiltration
with other advanced treatment processes, such as reverse osmosis, to increase treatment efficiency and
recover nutrients from the waste mycelium, such as nitrogen or phosphorus.
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