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ABSTRACT

We classify bisphenols as organic compounds from the group of phenols. Since bisphenols are
carcinogenic and disrupt the human body’s hormonal balance, removing these compounds from
the aquatic environment is crucial. The production of creams and household plastics uses bisphe-
nols. Such harmful compounds include bisphenol A and its derivatives (e.g., bisphenol B (BPB),
bisphenol AP (BPAP), bisphenol M (BPM), bisphenol E (BPE), and bisphenol C (BPCI2)). Although
bisphenol A is still the dominant bisphenol in the environment, the legal restrictions on its use lead
to the use of other bisphenols. Biochemical processes remove 50%-90% of these compounds from
wastewater. Introducing Fenton’s reagent or UV radiation improves efficiency. However, these
are still ineffective methods of their removal from sewage and water. The paper focuses on the
possibility of removing bisphenols: bisphenol A, bisphenol E, bisphenol B, bisphenol G, bisphe-
nol C, bisphenol AP, and bisphenol M from surface water using integrated nanofiltration-reverse
osmosis membrane processes. The research is carried out at a small nanofiltration and reverse
osmosis station. The process uses nanofiltration and the osmotic membrane of spiral aromatic poly-
amide membranes. Chemical determinations are made by chromatographic analysis developed
for these compounds. The conducted studies showed the removal of the tested compounds with
high effectiveness. The process parameters significantly influence the removal process, particularly
the concentration of bisphenols in the feed and the transmembrane pressure. The impact of these
processes should be further analyzed and explained.
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1. Introduction

Bisphenols are hazardous for the human body, disrupt-
ing the functioning of the endocrine and reproductive sys-
tems, and cause obesity, cardiovascular diseases, breast
cancer, and congenital disabilities [1]. The best-known and
most commonly used compound in this group is bisphenol

* Corresponding author.

A (BPA). BPA is readily and cheaply synthesized from phe-
nol and acetone, contributing to its wide industrial use [2].
BPA is detected in municipal and industrial wastewater in
concentrations up to mg/L and leachate from landfills [3-5].
In contrast, several dozen pg/g are found in sewage sludge
[3-5]. Incomplete wastewater treatment, sewage sludge man-
agement, and inadequate protection of municipal landfills

Presented at the 15th Scientific Conference on Micropollutants in the Human Environment, 14-16 September 2022, Czestochowa, Poland
1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



64 J. Piekutin et al. / Desalination and Water Treatment 301 (2023) 63-70

are the primary sources of BPA infiltration into surface and
groundwater, where BPA concentrations can reach several
dozen ug/L [4-10]. Biomonitoring studies show that human
exposure to BPA is continuous and rapidly developing,
which results in its presence in the body of every human
being [11-14]. Due to the proven toxic effect on organisms,
limitations in its use have been established by the European
Commission, the US Environmental Protection Agency, and
Health Canada [12-15]. Legal restrictions and increased
social concerns have replaced BPA in industrial produc-
tion with other compounds of similar structure, especially
bisphenol analogs, which exhibit the same or improved plas-
ticizer properties. Although the initially alternative BP was
considered less toxic than BPA, recent reports show they
have similar or even more significant side effects than BPA
[4,14-19]. BPs exhibit comparable BPA biological activity,
including potential hormonal disruptions, toxicity, and geno-
toxicity. Bisphenol B (BPB) and bisphenol C show higher
estrogenic activity than BPA [3,8,18,20]. The order of tox-
icity (14 d for EC50) was found to be as follows: bisphenol
G > bisphenol X > bisphenol AF > bisphenol A > bisphenol
Y > bisphenol M > bisphenol P [21].

Due to their increasing use, BPA analogs have been
detected in various environments [22-24]. However, knowl-
edge about their spread and how they enter the envi-
ronment is still insufficient. Research in this area is very
complicated due to: low BP concentrations at the level of
ng/L-ug/L, the complex composition of the matrix, and the
lack of standard analytical methods.

Bisphenols’ dangerous biological activity and toxicity
necessitate research on their removal in water and waste-
water treatment processes. The most effective processes are
based on the use of microorganisms. They remove com-
pounds that are difficult to eliminate by conventional water
purification methods [25]. The most common method of BP
removal is adsorption with appropriate adsorption capacity
and thermodynamic parameters of the process [26]. Next
are the biodegradation mechanism using native enzymes,
membrane separation processes, photocatalytic oxidation,
nanosorbents, and thermal degradation [27-29].

Studies of BPA removal from wastewater and water by
high-pressure methods have yielded efficiencies of 65%-90%
[30-33]. However, the removal of bisphenol A from water
and wastewater by membrane methods is still under inves-
tigation, as the efficiency of removal of this contaminant
is determined by the physicochemical properties of the
compound, the organic and inorganic membranes and the
parameters of the nanofiltration (NF) and reverse osmosis
(RO) process itself [31-33].

Recent literature reports related to bisphenol A removal
have focused on the choice of membrane-forming material
[33-36] as it significantly impacts the efficiency of the pro-
cess. Yuksel et al. evaluated the removal of BPA from ultra-
pure water in an integrated NF and RO process by several
types of membranes, analysing parameters such as water
permeability coefficients, retention factor and permeate flux,
from which it was concluded that the efficiency depends
on the membrane-forming material. Furthermore, BPA is
classified as a hydrophobic inert compound but acidic,
affecting the interaction with the membrane surface and
the removal efficiency in membrane processes [36-38].

On the other hand, investigating the efficiency of remov-
ing bisphenol analogues from water using NF and RO in
a single or integrated system requires research, given the
recognition of the mechanism of removal efficiency.

The effectiveness of ultrafiltration, nanofiltration and
reverse osmosis in the treatment of water and wastewater
from bisphenol A was only conducted as single processes.
Furthermore, the research focused only on bisphenol A
while other bisphenol analogues were completely ignored.
The choice of the type of pressure process was mainly deter-
mined by the type of contaminants present in the water
streams to be treated. Accordingly, nanofiltration and reverse
osmosis are the most suitable processes for the removal
of small-molecule organic contaminants with a diameter
of approximately 1 nm or a molar mass of 150-500 g/mol.
This is primarily due to the physico-chemical properties of
nanofiltration and reverse osmosis membranes [39].

The scientific literature presents examples document-
ing micropollutant retention rates in ultrafiltration rang-
ing from 17% to 80% [30]. Micropollutant retention in this
case was caused by the adsorption effect of the compound
on the membrane.

The research presented in this paper is the treatment of
surface water from bisphenol A and its derivatives using
an integrated NF-RO process.

2. Research methodology
2.1. Technological research

The semi-technical pilot plant was designed by
Stadtwerke Diisseldorf (SWD) and realized by Cornelsen
Umwelttechnologie GmbH, Essen, Germany. The low-pres-
sure reverse osmosis (LPRO) unit was constructed by
Griinbeck Wasseraufbereitung GmbH, Hochstadt a.d.
Donau, Germany (GENO-Nano RKF1800 S). An integrated
system was used for the study: nanofiltration-reverse osmo-
sis. During the experiments, the transport-separation prop-
erties of the membranes in both filtration stages (NF and
RO) were determined on the basis of the permeate volume
flux values and the degree of concentration reduction of the
bisphenols tested. The first stage was the removal of bisphe-
nols by nanofiltration, during which the transmembrane
pressure and the initial concentration of bisphenols in the
surface water were altered. The treated water after nano-
filtration was introduced into a reverse osmosis system.
Water samples after NF and RO were taken for chemical
analysis. A spiral module was used in the test set-up.

The research on the removal of bisphenols was carried
out in the NF and RO processes. 60% recovery rate. In both
systems, composite membranes (polyamide skin layer)
were used.

Since surface water was used for the study, it was there-
fore necessary to use membrane protection against iron,
manganese ions, scaling and fouling, this was done by
pretreating the surface water on a sand filter.

After the tests, the membrane was rinsed with deionized
water, thus determining the change in transport properties
of the membrane after the operation. The effectiveness of
the water filtration process was assessed based on the trans-
port and separation properties. A mixture of bisphenols
was used in the research:
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Table 1
Parameters of the nanofiltration and reverse osmosis process

Nanofiltration (KeenSen)

Reverse osmosis (FilmTec)

Active membrane surface 0.3 m?
Membrane material Polyamide
Cut-off 350 Da

Concentrate flow rate
Permeate flow rate

5.5 L/h at 50% recovery (conversion)
5.5 L/h at 50% recovery (conversion)

0.28 m?

Polyamide

150 Da

5.5 L/h at 50% recovery (conversion)
5.5 L/h at 50% recovery (conversion)

Capacity/flow rate 75 GPD/284 L/d 75 GPD/284 L/d
Transmembrane pressure 1.15 MPa 1.5 MPa
Table 2
Process parameters with the use of reverse osmosis and nanofiltration
Nanofiltration
Transmembrane pressure (MPa) 1.15 0.9 1.15 0.9 1.15 0.9
Total concentration of bisphenol in the feed (ug/L) 150 300 450
Reverse osmosis
Transmembrane pressure (MPa) 1.5 1.3 1.5 1.3 1.5 1.3
Total concentration of bisphenol in the feed (ug/L) 2.31 8.87 17.92

Bisphenol F (4,4’-Methylenediphenol) — BPF

Bisphenol A (4,40-Isopropylidenediphenol) — BPA
Bisphenol C (4,4’-Isopropylidenedi-o-cresol) — BPC
Bisphenol AP  (4,4’-(1-Phenylethylidene)bisphenol)
—-BPAP

Bisphenol B (4,4’-sec-Butylidenediphenol) — BPB

¢ Bisphenol E (4,4'-Ethylidenebisphenol) — BPE

* Bisphenol G (4,4'-Isopropylidenebis(2-isopropylphenol))
-BPG

Bisphenol removal studies in the NF-RO system were
conducted according to the parameters in Table 2.

The efficiency of the nanofiltration process was deter-
mined thanks to the performance measurements (for
deionized water, volumetric permeate flux - J and for the
research sample — | ), relative volumetric permeate flux (a),
and the selectivity (R) of membranes.

2.2. Analytical methodology

Spectrophotometric, pH-meter, and conductometric
determinations were performed according to the applicable
standards or based on analytical methodologies commonly
recognized and recommended by the scientific literature.
The test results presented in the paper are the average of
at least three determinations performed simultaneously.

2.3. Extraction procedure

The isolation and derivatization of six bisphenols were
realized by ultrasound-assisted emulsification micro-
extraction (USAME). 5 mL of water samples and 0.2 g
of disodium hydrogen phosphate (4%) were prepared.

The extraction solvent (chlorobenzene, 60 pL) and the deri-
vatization reagent (acetic anhydride, 225 uL) were added to
the water sample and mixed. Extractions were performed
at 42 kHz of ultrasound frequency and 230 W of power for
5 min at room temperature. Emulsions were disrupted by
centrifugation at 4,000 rpm for 5 min in a laboratory cen-
trifuge. In effect, the organic phase settled at the bottom of
the conical tube. After centrifugation, carbon tetrachloride
was removed using a 100-uL Hamilton syringe (USA) and
transferred into a 150-uL microvial with an integrated insert.
Gas chromatography-mass spectrometry (GC-MS) anal-
ysis was performed as described in GC-MS analysis.

2.4. Chromatographic analysis

The current concentration of bisphenols was monitored
using an HP 7890B gas chromatograph with an electronic
pressure control device connected to a mass detector MSD
5977A (electron impact source and quadrupole analyzer,
Agilent Technologies, USA) equipped with the HP-5MS
column (5% phenylmethylsiloxane) with the length of 30 m
and i.d. of 0.25 mm coated with a 0.25 um thick film and
using a split-less injector at a temperature of 250°C. The
helium of 99.999% purity was used at a constant flow rate of
1.0 mL/min as a carrier gas. The electron impact source tem-
perature was 230°C with electron energy of 70 eV. The quad-
rupole temperature was 150°C, and the interface between
GC and MS temperature was 280°C. The oven temperature
was programmed from 130°C for 3 min and increased at
increments of 30°C /min to 250°C for 4 min and later with
the growth of 20°C/min to 310°C for 5 min [29]. The mon-
itored ions were selected based on the analysis of mass
spectra recorded by the MS detector in scan mode (Table 3).
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Table 3
Basic information of the six determined bisphenols
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Compound Structure Molecular mass ~ logK® | pKa* Henry’s constant
(g/mol) (at'‘m?*mol)
HaC CHa
Bisphenol A 208.29 3.64 10.29 40x 10"
HO OH
OH
. % 10-10
Bisphenol AP o O CHy 290.36 433 10.22 57x10
HsC CHj
Bisphenol B O O 24231 415 10.27 1.2x 101
HO OH
HaC CHs
HaC CHj
Bisphenol C e e 281.10 - 9.90 -
HO OH
CHs
Bisphenol E 214.26 3.23 10.10 -
HO OH
CH3 H;C CHs CHj
Bisphenol G HscCHs 31245 6.55 -
HO OH
HaC, CHy HsC CHs
Bisphenol M 346.46 - - -

"logK_ , — octanol/water partition coefficient;
‘pK, —acid dissociation constant.

3. Results and discussion

The sand bed filtration process significantly improved
the quality of surface water (Table 4) and, at the same time,
protected the nanofiltration membrane against fouling
and scaling.

Bisphenols were removed from water in the NF pro-
cess with a high retention rate (Table 5). It was observed
that at 150 ug/L bisphenols in the filtrate, all BPs removed
significantly less compared to other concentrations (300
and 450 pg/L) regardless of transmembrane pressure. BPs
with a higher logK_ value have a higher retention factor.

This demonstrates a two-step separation mechanism in
nanofiltration — in the first step, the compound adsorbs
on the membrane surface, and in the second step, it passes
through the membrane by diffusion and/or convection
determined by its affinity for the membrane polymer or its
ability to dissolve. Of the BPs tested, BPE had the lowest
removal relative to the other BPs reaching between 71% and
99%. This is probably due to the lowest value of logK_ a,
which may indicate the dual nature of this compound, that
is, logK__ qualifies it as a hydrophobic compound while
at the same time being highly soluble in water. In addi-
tion, certain mechanisms contribute to the removal of this
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compound (e.g., exclusion of repulsion size) with adsorp-
tion on a membrane. Adsorption, on the other hand, may
adversely affect the retention factor, as some compounds
may dissolve in the active layers of the membrane and then
diffuse through the polymer and eventually desorb on the
permeate side [39-42]. This analogue was found to have
a higher concentration in the permeate in the last sample
of the process suggesting that it probably dissolved in the
membrane and then desorbed on the permeate side [39-42].
It is important to point out that the separation of micropo-
llutants is affected by a number of membrane phenomena,
including the reduction of the zeta potential and the pres-
ence of a filter cake on the membrane surface [43-45]. As
shown in papers [4-7,45-48], membrane fouling increases
the intensity of the micropollutant adsorption effect and
limits the process of compound diffusion through the
membrane.

The removal efficiency of bisphenols for the nanofiltra-
tion membrane used was influenced by the molecular weight
cut-off value (Table 3), which was higher than that of the
hydrophobic compounds removed. The cut-off (separation)

Table 4
Water used for the tests was (surface water with added com-
pounds from the bisphenol group

Parameters Surface water R

Values Standard (%)
Mean Median deviation

Color, mg-Pt/L 6.9 12.0 1.77 97.3

Turbidity, NTU 1.20 1.30 0.79 78

Conductivity, uS/cm 331 388 21.7 52.4

pH 7.15 7.26 0.11

Calcium, mg-Ca*/L 80.03 84.1 2.70 30.1

Manganese, mg-Mn/L  0.02 0.02 0.05 72.8

Ferrum, mg-Fe/L 0.09 0.38 0.16 87.1

COD,,, mg-O,/L 10.5 104 1.96 42.5

Table 5

layer of the nanofiltration membrane is a negative charge
carrier, which minimised the adsorption of negatively
charged compounds causing coating of the membrane sur-
face, leading to reduced performance (fouling). This phe-
nomenon is often caused by natural organic substances
present in surface waters.

When examining the effectiveness of RO, it was found
(Table 6) that the transmembrane pressure from 1.3 to
1.5 MPa had a slight effect on the concentration of the tested
compounds in the permeate. In all tested compounds,
the treatment efficiency ranged from 92% to 100%.

Regardless of the pressure applied, the weakest removal
of BPE was at an initial concentration of 150 pg/L yield-
ing between approximately 94% and 97%. For the other
two concentrations (300 and 450 pg/L), BPE retention rates
were between 92% and 98%. BPE is removed much more
weakly at higher concentrations in the feed.

The lower values of the retention coefficient were at
the concentration of 300 and 450 ug/L; the values ranged
from 97% to 100%. The tested BPE bisphenols are hydro-
phobic (determined by the of logK_ value Table 3) these
characteristics probably affected the interaction with the
membrane surface, leading to an electrostatic attraction or
repulsion phenomenon.

Similar results were presented by Baransi-Karkaby et al.
[41]. In both cases, the quantitative and qualitative composi-
tion of the feed played a significant role. The tested bisphe-
nols were BPA, BPB, and BPM. For these three compounds,
the retention coefficient at the concentration of 200 pg/L was
95%, increasing the amount of bisphenols, and the coeffi-
cient decreased to 60%. In contrast, Baransi-Karkaby et al.
[41] and Khazaali & Kargari [42] investigated the effects of
various parameters such as pressure, flow rate, feed con-
centration, and pH on BP removal. The results showed
a maximum removal rate of 87.34% for a concentration
of 50 mg/L at a pressure of 408.1 kPa, pH 8, and a flow of
1.172 L/min. The most effective influencing parameter was
the feed flow rate, which showed an intense concentration
polarization at the membrane surface. The effect of feed
pH showed minimal effect at pH 10 [42,43].

Retention factor (R) of removing bisphenols from water by nanofiltration

Sample  Total concentration of bisphenol ~ Transmembrane R (%)

number  in the feed (ug/L) pressure (MPa) BPA BPAP  BPB BPC BPE BPG BPM
1 115 9691 9935 9951  99.26 9850  99.28  99.30
2 150 9772 99.60  99.62  99.20 99.58  99.30  99.13
1 0.9 92.04 9918  99.04 99.26 89.02  99.13  99.21
2 96.54 9872 9899  99.26 7190  99.27  98.90
1 115 99.77 9997 9996  99.97 99.66  99.94  99.95
2 300 99.81 9995  99.95  99.96 99.71  99.92  99.91
1 0.9 99.64 9995  99.93  99.94 98.92 9993  99.86
2 9894 9994  99.87  99.93 9720 9994  99.95
1 115 9891 99.88  99.84  99.94 96.48 9991  99.95
2 450 97.79 9993  99.89  99.96 93.48  99.81  99.96
1 0.9 98.05 99.98  99.89  100.00 9421 99.94  100.00
2 90.15 99.94  99.45  99.98 9191  99.98  100.00
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Table 6

Retention factor of removal of bisphenols from water using reverse osmosis water

Sample Total concentration of bisphenol ~ Transmembrane R (%)
number  in the feed (ug/L) pressure (MPa) BPA BPAP  BPB BPC BPE BPG BPM
1 15 96.07 97.93 97.41 97.65 96.33 97.35 93.10
2 23] 96.73 98.61 97.76 98.65 96.86 98.40 97.13
1 13 96.23 95.10 97.78 97.38 96.04 98.64 94.01
2 95.68 97.74 98.25 98.01 93.57 97.85 92.65
1 15 99.74  99.96 99.89  99.95 9831  99.96  100.00
2 871 ’ 98.63  99.82 99.84 99.87 9448 9991  99.77
1 13 99.63 99.92 99.87 99.90 97.25 99.91 99.71
2 99.65 99.96 99.90 99.93 97.93 99.96 100.00
1 1.5 98.97 99.50 99.73 99.90 93.04 99.94 100.00
2 17.92 99.00 99.90 99.77 99.88 92.78 99.94 99.82
1 1.3 98.76 99.86 99.68 99.85 92.98 99.94 100.00
2 98.54 99.90 99.56 99.81 92.08 99.93 100.00

Sample number * — the presented sample is the first and last of the process.

Pre-treated surface water on a sand filter probably influ- 100

enced the efficiency of removing bisphenols from the water. 99

It is confirmed by [35]. Removal of BPA from ultrapure 98

water on polyamide membranes showed almost complete 97

removal of BPA, pointing out that such high effects can be o 9%

achieved by pre-treating the water. On the other hand, dif- %‘ 95 || ‘l ‘l ‘l ‘l ‘l ‘ . NF

ferent results were obtained by [45]. They obtained higher 94

retention of the tested compounds for natural water than 93 " RO

for deionized water samples. 22

It was also found that BPA and its analogs removed with o1 |
very similar effects in the studied processes. Similar results %0
were observed by [5,33,40], no significant change in BPs oA ERAR B B‘,Spiz:ele R R B

removal for polyamide membranes in NF and RO was found.

A common feature of the membranes studied was their
epidermal layer made of poly(aromatic amide) [28,43-48],
so that both carboxyl and amine groups are present on
the membrane surface. In the case of separation of organic
micropollutants, the presence of carboxyl groups — which
give the membrane a negative charge — enables the forma-
tion of so-called hydrogen bridges between the pollutant to
be removed and the membrane. The absorption phenome-
non is also determined by the presence of polar groups in the
micropollutant molecules.

Common phenomena accompanying membrane filtra-
tion are fouling and scaling of membranes, which, apart
from lowering the membrane efficiency, also change its
morphology and surface charge, which affects the removal
of micropollutants. In the conducted research, the deion-
ized water volume flow (J ) for RO before treatment of
water with bisphenols was 5.5 x 10° m*m?*s, and after the
process, 4.89 x 10° m’/m?*s, while in NF before 42.1 after
40.9 x 10° m*m?s. Relative volumetric permeate flux was
less than 1 (a < 1) and amounted to 0.88 for RO and 0.84 for
NF. The obtained transport and separation values indicate
slight fouling and adsorption of the membrane.

Comparing the separation efficiency (Figs. 1 and 2) for
the concentration of 150 and 450 ug/L, an apparent effect
of the bisphenol concentration in the feed on the removal
efficiency is observed, especially in the reverse osmosis

Fig. 1. Comparison of BP removal efficiency in nanofiltration
and reverse osmosis 150 ug/L.

B BPC BPE BPG BPM

BPAP BP

100

82 |‘
BPA

Fig. 2. Comparison of BP removal efficiency in nanofiltration
and reverse osmosis at 450 ug/L concentration.

o W
S o0

R [%]
©
N~

m NF

0 O
o O

" RO

0 0
5 &

Bisphenole

process. Bodzek and Dudziak [44] confirm this observation
in their studies, also draw attention to the dependence that
the retention coefficient of these processes depends on the
molecular weight of pollutants. The higher the mass, the
greater the efficiency. No such dependence was observed
in our research.
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The study showed that the use of two high-pressure
processes with different separation mechanisms in an inte-
grated system is an opportunity to achieve drinking water
parameters [47].

The mechanism of removal of the tested bisphenols indi-
cates the need for further research because there is no clear
answer to the question of what parameters related to the
composition of the treated water, the properties of bisphe-
nols and membranes contribute to the effective removal
and fouling of membranes and their additional purification
or neutralization sequence. Based on the physicochemical
characteristics of the bisphenols in question, it can be con-
cluded that the low values of the vapor pressure and Henry’s
constant indicate the ability of these compounds to accu-
mulate in the aquatic environment as well as their low pre-
disposition to evaporate both from water and soil and that
the process self-cleaning is negligible [41,43,44].

In addition, particular attention should also be paid to
managing post-regenerative solutions formed after cleaning
the membranes, which are likely to be loaded with biolog-
ically active organic micropollutants at a higher concentra-
tion level than in raw water. It makes it a priority to develop
an additional purification or neutralization sequence.

4. Conclusions

Based on the research, the following conclusions were
drawn:

* bisphenol removal in both processes removed with a
high retention rate of 92%-100%, while nanofiltration
alone removes with an average of 98% efficiency, how-
ever, concentrations still remain high in the water after
the process if drinking water were considered. The pro-
posed solution for the removal of bisphenols from water
in an integrated system could be a viable method to
improve treatment and affect membrane performance;

¢ the concentration of feed turned out to be a parameter
influencing the process of reverse osmosis in the removal
of organic compounds from the bisphenol group;

* to remove bisphenol E, an additional water treatment
process should be used due to the low removal reten-
tion rate.

Acknowledgments

The research was carried out as part of research work
no. WZ/WB-1I5/2/2021 and WZ/WB-INL/3/2021 at the
Bialystok University of Technology and financed by a grant
from the Minister of Science and Higher Education and This
work was funded by the National Science Centre Poland
(grant nos. 2019/33/B/NZ8/00012.

References

[1] O. Barash, U.M. Tisch, H. Haick, Volatile organic compounds
and the potential for a lung cancer breath test, Lung Cancer
Manage., 2 (2013) 471-482.

[2] A. Galuszka, Toxic organic compounds in the environment,
Pol. Geol. Rev., 48 (2000) 713-719 (in Polish).

[3] E. Grignard, S. Lapenna, S. Bremer, Weak estrogenic
transcriptional activities of Bisphenol A and Bisphenol S,
Toxicol. in Vitro, 26 (2012) 727-731.

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

G. Srinivasan, S. Sundaramoorthy, D.V.R. Murthy, Spiral
wound reverse osmosis membranes for the recovery of phenol
compounds-experimental and parameter estimation studies,
Am.]. Eng. Appl. Sci., 3 (2010) 31-36.

M.A. Al-Obaidi, J.-P. Li, C. Kara-Zaitri, LM. Mujtaba,
Optimisation of reverse osmosis-based wastewater treatment
system for the removal of chlorophenol using genetic
algorithms, Chem. Eng. J., 316 (2017) 91-100.

A. Th. Mohammad, M.A. Al-Obaidi, E.M. Hameed,
B.N. Basheer, LM. Mujtaba, Modelling the chlorophenol
removal from wastewater via reverse osmosis process using
a multilayer artificial neural network with genetic algorithm,
J. Water Process Eng., 33 (2020) 100993, doi: 10.1016/j.jwpe.2019.
100993.

J.S. Al-Huwaidi, M.A. Al-Obaidi, A.T. Jarullah, C. Kara-Zaitri,
LM. Mujtaba, Modeling and simulation of a hybrid system of
trickle bed reactor and multistage reverse osmosis process for
the removal of phenol from wastewater, Comput. Chem. Eng.,
153 (2021) 107452, doi: 10.1016/j.compchemeng.2021.107452.
K.-A. Hwang, K.-C. Choi, Endocrine-disrupting chemicals
with estrogenicity posing the risk of cancer progression in
estrogen-responsive organs, Adv. Mol. Toxicol., 9 (2015) 1-33.
N.G. Khan, J. Correia, D. Adiga, P.S. Rai, H.S. Dsouza,
S. Chakrabarty, S.P. Kabekkodu, A comprehensive review on
the carcinogenic potential of bisphenol A: clues and evidence,
Environ. Sci. Pollut. Res., 28 (2021) 19643-19663.

AM. Nelson, T.E. Long, A perspective on emerging polymer
technologies for bisphenol-A replacement, Polym. Int., 61 (2012)
1485-1491.

F. Vilarinho, R. Sendén, A. van der Kellen, M.E. Vaz, A. Sanches
Silva, Bisphenol A in food as a result of its migration from
food packaging, Trends Food Sci. Technol., 91 (2019) 33-65.

D. Chen, K. Kannan, H. Tan, Z. Zheng, Y.-L. Feng,
Y. Wu, M. Widelka, Bisphenol analogues other than BPA:
environmental occurrence, human exposure, and toxicity—-a
review, Environ. Sci. Technol., 50 (2016) 5438-5453.

B. Van der Bruggen, M. Ménttari, M. Nystrom, Drawbacks
of applying nanofiltration and how to avoid them: a review,
Sep. Purif. Technol., 63 (2008) 251-263.

R. Castro-Munoz, E. Gontarek, Nanofiltration in the Food
Industry, Handbook of Food Nanotechnology, Elsevier,
Amsterdam, The Netherlands, 2020, pp. 73-106.

X. Xiao, J. Li, T. Yu, L. Zhou, X. Fan, H. Xiao, Y. Wang, L. Yang,
J. Ly, X. Jia, Z. Zhang, Bisphenol AP is anti-estrogenic and may
cause adverse effects at low doses relevant to human exposure,
Environ. Pollut., 242 (2018) 1625-1632.

E. Yamazaki, N. Yamashita, S. Taniyasu, J. Lam, PX.S. Lam,
H.-B.Moon, Y.Jeong, P. Kannan, H. Achyuthan, N. Munuswamy,
K. Kannan, Bisphenol A and other bisphenol analogues
including BPS and BPF in surface water samples from Japan,
China, Korea and India, Ecotoxicol. Environ. Saf., 122 (2015)
565-572.

I Dgrovcové, S. Kyzek, ]J. Fabova, J. Makukova, E. Galova,
A. Sevcovicova, Genotoxic potential of bisphenol A: a
review, Environ. Pollut., 306 (2022) 119346, doi: 10.1016/j.
envpol.2022.119346.

T. Yamamoto, A. Yasuhara, H. Shiraishi, O. Nakasugi, Bisphenol
A in hazardous waste landfill leachates, Chemosphere,
42 (2001) 415-418.

S. Eladak, T. Grisin, D. Moison, M.-]. Guerquin, T. N'Tumba-
Byn, S. Pozzi-Gaudin, A. Benachi, G. Livera, V. Rouiller-Fabre,
R. Habert, A new chapter in the bisphenol A story: bisphenol
S and bisphenol F are not safe alternatives to this compound,
Fertil. Steril., 103 (2015) 11-21.

L.E. Gray, Jr., ].R. Furr, ].M. Conley, C.S. Lambright, N. Evans,
M.C. Cardon, V.S. Wilson, PM. Foster, P.C. Hartig, Conflicted
tale of two novel AR antagonists in vitro and in vivo:
pyrifluquinazon versus bisphenol C, Toxicol. Sci., 168 (2019)
632-643.

K. Czarny-Krzyminska, B. Krawczyk, D. Szczukocki, Toxicity
of bisphenol A and its structural congeners to microalgae
Chlorella vulgaris and Desmodesmus armatus, J. Appl. Phycol.,
34 (2022) 1397-1410.



70

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

J. Piekutin et al. / Desalination and Water Treatment 301 (2023) 63-70

A. Matsushima, X. Liu, H. Okada, M. Shimohigashi,
Y. Shimohigashi, Bisphenol AF is a full agonist for the
estrogen receptor ERa but a highly specific antagonist for Erf3,
Environ. Health Perspect., 118 (2010) 1267-1272.

X. Sun, J. Peng, M. Wang, ]. Wang, C. Tang, L. Yang, H. Lei, F. Li,
X. Wang, J. Chen, Determination of nine bisphenols in sewage
and sludge using dummy molecularly imprinted solid-phase
extraction coupled with liquid chromatography tandem mass
spectrometry, J. Chromatogr. A, 1552 (2018) 10-16.

Q. Sun, Y. Wang, Y. Li, M. Ashfaq, L. Dai, X. Xie, C.-P. Yu,
Fate and mass balance of bisphenol analogues in wastewater
treatment plants in Xiamen City, China, Environ. Pollut.,
225 (2017) 542-549.

A. Azzouz, S.K. Kailasa, S.S. Lee, A.J. Rascon, E. Ballesteros,
M. Zhang, K.-H. Kim, Review of nanomaterials as sorbents
in solid-phase extraction for environmental samples, TrAC,
Trends Anal. Chem., 108 (2018) 347-369.

A.Bhatnagar, I. Anastopoulos, Adsorptive removal of bisphenol
A (BPA) from aqueous solution: a review, Chemosphere,
168 (2017) 885-902.

A. Tarafdar, R. Sirohi, P.A. Balakumaran, R. Reshmy,
A. Madhavan, R. Sindhu, P. Binod, Y. Kumar, D. Kumar,
S.J. Sim, The hazardous threat of Bisphenol A: toxicity,
detection and remediation, ]. Hazard. Mater., 423 (2022) 127097,
doi: 10.1016/j.jhazmat.2021.127097.

J. Piekutin, U. Kotowska, J. Struk-Sokotowska, Removal of
selected heterocyclic organic compounds from water and
possibilities of system optimization, Desal. Water Treat.,
243 (2021) 44-50.

D.Kiejza, U. Kotowska, W. Polinska, J. Karpiriska, USAEME-GC/
MS method for easy and sensitive determination of nine
bisphenol analogues in water and wastewater, Molecules,
27 (2022) 4977, doi: doi: 10.3390/molecules27154977.

HW. Chen, CH. Liang, ZM. Wu, E.E. Chang, TF. Lin,
P.C. Chiang, G.S. Wang, Occurrence and assessment of treat-
ment efficiency of nonylphenol, octylphenol and bisphenol-A
in drinking water in Taiwan, Sci. Total Environ., 449 (2013)
20-28.

M.S. Muhamad, M.R. Salim, W.J. Lau, Z. Yusop, A review on
bisphenol A occurrences, health effects and treatment process
via membrane technology for drinking water, Environ. Sci.
Pollut. Res., 23 (2016) 11549-11567.

K.AM. Said, A.F. Ismail, AK. Zulhairun, M.S. Abdullah,
M. Ariff Azali, M.N.Z. Abidin, Magnetic induced asymmetric
membrane: effect of magnetic pattern to phenol removal
by adsorption, Mater. Chem. Phys., 278 (2022) 125692,
doi: 10.1016/j.matchemphys.2021.125692.

S. Yiiksel, N. Kabay, M. Yiiksel, Removal of bisphenol A (BPA)
from water by various nanofiltration (NF) and reverse osmosis
(RO) membranes, J. Hazard. Mater., 263 (2013) 307-310.

M. Zieliniska, I. Wojnowska-Baryta, A. Cydzik-Kwiatkowska,
Bisphenol A removal from water and wastewater, Springer
International Publishing, 2019.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

C.G. Moreira, M.H. Moreira, VM.O.C. Silva, H.G. Santos,
D.M. Bila, F.V. Fonseca, Treatment of Bisphenol A (BPA) in
water using UV/H,O, and reverse osmosis (RO) membranes:
assessment of estrogenic activity and membrane adsorption,
Water Sci. Technol., 80 (2019) 2169-2178.

J.  Michatowicz, Bisphenol A-sources, toxicity and
biotransformation, Environ. Toxicol. Pharmacol., 37 (2014)
738-758.

M. Aldwaish, N. Kouki, A. Algreiby, H. Tar, R. Tayeb, A.
Hafiane, An ionic supported liquid membrane for the recovery
of bisphenol A from aqueous solution, Membranes, 12 (2022)
869, doi: 10.3390/membranes12090869.

K. Makowska, J. Catka, S. Gonkowski, Effects of the long-
term influence of bisphenol A and bisphenol S on the
population of nitrergic neurons in the enteric nervous system
of the mouse stomach, Sci. Rep., 13 (2023) 331, doi: 10.1038/
541598-023-27511-9.

J.L. Acero, F. Javier Benitez, F. Teva, A.l. Leal, Retention of
emerging micropollutants from UP water and a municipal
secondary effluent by ultrafiltration and nanofiltration, Chem.
Eng.]J., 163 (2010) 264-272.

AM. Comerton, R.C. Andrews, D.M. Bagley, P. Yang,
Membrane adsorption of endocrine disrupting compounds and
pharmaceutically active compounds, J. Membr. Sci., 303 (2007)
267-277.

K. Baransi-Karkaby, M. Bass, V. Freger, In-situ modification of
reverse osmosis membrane elements for enhanced removal of
multiple micropollutants, Membranes (Basel), 9 (2019) 28, doi:
10.3390/membranes9020028.

F. Khazaali, A. Kargari, Treatment of phenolic wastewaters by
a domestic low-pressure reverse osmosis system, J. Membr. Sci.
Res., 3 (2017) 22-28.

E. Burdzik-Niemiec, M. Dudziak, The influence of water matrix
on the separation of selected estrogens and xenoestrogens by
nanofiltration, Ecol. Eng. Environ. Technol., 181 (2017) 27-35.
M. Bodzek, M. Dudziak, Elimination of steroidal sex hormones
by conventional water treatment and membrane processes,
Desalination, 198 (2006) 24-32.

U. Kotowska, J. Kapelewska, A. Kotowski, E. Pietuszewska,
Rapid and sensitive analysis of hormones and other emerging
contaminants in groundwater wusing ultrasound-assisted
emulsification microextraction with solidification of floating
organic droplet followed by GC-MS detection, Water, 11 (2019)
1638, doi: 10.3390/w11081638.

U. Kotowska, J. Karpinska, J. Kapelewska, E.M. Kowejsza, A.
Piotrowska-Niczyporuk, J. Piekutin, A. Kotowski, Removal of
phthalates and other contaminants from municipal wastewater
during cultivation of Wolffia arrhiza, Process Saf. Environ. Prot.,
120 (2018) 268-277.

Commission Directive (EU) 2017.

A. Gotub, J. Piekutin, Use of porous materials to remove
oil contaminants from water, Sci. Total Environ., 627 (2018)
723-732.



	_Hlk115728794
	_Hlk115691107
	_Hlk136022266
	_Hlk136022197
	_Hlk126237803
	_Hlk141456626
	_Hlk69998642
	_Hlk111198760
	_Hlk136027475

