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ABSTRACT

Inefficient removal of pharmacological agents from water in sewage treatment plants leads to the
introduction of pharmaceuticals, including antibiotics, into the hydrological cycle, and also contrib-
utes to the growth of antibiotic-resistant bacteria. This problem requires the development of new
technologies that will support conventional treatment. One of the solutions is the use of membrane
processes (microfiltration, ultrafiltration, membrane bioreactor) using membranes covered with
materials with adsorptive and bactericidal properties. One of the substances that has these two
properties is graphene oxide (GO). This paper presents the results of research on the modification
of commercial microfiltration membranes involving the chemical attachment of graphene oxide to
the membrane surface using a (3-aminopropyl)triethoxysilane (3-APTES) precursor and applying a
GO-PEBAX 2533 (polyether block amide type 2533) layer in the dip-coating process. Using the scan-
ning electron microscopy microscopic analysis, Fourier-transform infrared spectroscopy method
and contact angle measurements, the presence of GO particles on the membrane surface and the
change of membrane surface properties were confirmed. In the tests, aqueous solutions of sulfa-
diazine and amoxicillin were used. The amount of the adsorbed substances in a stationary system
were: 31.03 and 4.77 mg/m?, respectively. The membranes modified by GO are able to adsorb the
pharmacological substances, which was confirmed in the flow system. In addition, the effects of
modification on the membrane structure using a porosimeter and on water permeability based on
the filtration coefficient were determined.
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1. Introduction

One of the environmental hazards related to the devel-
opment of society is the increasing number of the so—called
pharmaceuticals and personal care products in the hydrolog-
ical cycle, which include medicines, also veterinary drugs,
antibiotics, hormones and cosmetics [1]. Although the con-
centrations of these substances in water are determined at
the level of the nano- or micrograms per litre, their presence
causes toxic effects on the environment and leads to the
development of antibiotic-resistant bacteria [2]. This is due
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to the phenomenon of bioaccumulation. The source of these
substances are plants which produce pharmacological sub-
stances, hospitals, refuse dumps as well as households and
agricultural farms that use inefficiently operating sewage
treatment plants [3].

The treatment of sewage containing pharmaceuticals
uses biological methods (aerobic and anaerobic treatment),
membrane techniques (RO, NF, membrane distillation),
adsorption (e.g., on activated carbon) and oxidation pro-
cesses (ozonisation, Fenton reaction, photocatalysis, elec-
trochemical oxidation) or hybrid methods [4]. One of the
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methods used with a high potential of removing contam-
inants of this type are membrane bioreactors (MBR) [5,6].
This technique is a combination of the biological oxidation
method with the process of membrane filtration. A wide
choice of biological deposits used and the option to select
the appropriate membrane process (microfiltration, ultrafil-
tration or nanofiltration) help to design an MBR intended for
a specific type of contaminants. However, the great variety
of pharmaceuticals in the water may reduce the effective-
ness of the MBR used, and so some substances will enter the
treated stream.

A solution proposed by the authors to improve the
efficiency of the removal process for this type of contami-
nants with the use of MBR, is to develop membranes coated
with graphene oxide, which allows for the adsorption
of pharmacological substances from water. In addition,
graphene oxide has bactericidal properties, which proves
to be helpful in removing antibiotic resistant bacteria.
The development of membranes coated with graphene
oxide is the aim of this study.

1.1. Properties of graphene oxide

Graphene oxide (GO) has hydrophilic, adsorption and
antibacterial properties. The first two characteristics are due
to the presence of the epoxy, hydroxyl and carboxyl groups
on the surface of GO, which develop as a result of strong oxi-
dation of graphite at the production stage of GO [7]. What is
particularly interesting is the fact that GO can adsorb a num-
ber of compounds such as gases (ammonia, hydrogen, carbon
dioxide, nitrogen dioxide and carbon monoxide), metal ions
(Cu, Zn, Pb, Au, Pt, Pb, Cd and Co), dyes (methylene blue,
methyl violet, methyl orange, remazol black and neutral red)
and pharmaceutical substances (antibiotics, anti-inflamma-
tory drugs and hormones) [8-17]. The adsorption mechanism
depends on the type of the functional group on the surface
of GO and the type of the compound being adsorbed. The
basic interactions that bond GO with a specific substance
include: m-bond, hydrogen bond, hydrophobic interactions
and electrostatic interactions [18].

Antibacterial properties, on the other hand, result from
the possible damage to cell membranes as a result of the con-
tact of the cell with the edges of the nanolayers of GO and
oxidative stress that is also connected with the presence of
the functional groups on the surface of GO [19].

2. Experimental
2.1. Materials and methods

The study involved commercial microfiltration polypro-
pylene membranes (56/4 3M™ Capillary Membrane MF-PP
Series, Type S6/2) with the external/internal capillary diam-
eter of 2.7/1.8 mm, average pore diameter of 0.2 um and
porosity of 55%. The membranes were modified with two
methods: dip-coating method and chemical method. For the
dip-coating method, amodifying solution was a 2% polyether
block amide type 2533 - PEBAX 2533 (Arkema, France) solu-
tion in ethanol (Sigma-Aldrich, Germany) containing 5 % of
GO (WUT laboratory [20], Poland) in relation to the polymer
weight, while for the chemical modification with a precursor,

perhydride (Sigma-Aldrich), 10% solution of (3-aminopro-
pyltriethoxysilane — 3-APTES (Sigma-Aldrich) in ethanol
and 0.1% suspended matter of GO in ethanol were used.

The adsorption properties of the prepared materials
were tested using aqueous solutions of pharmacological sub-
stances such as: amoxicillin (Sigma-Aldrich) and sulphadia-
zine (Sigma-Aldrich).

The KSV NIMA Dip Coater was used for dip-coating to
control the parameters of the membrane emergence from
the modifying solution. A constant rate of emergence was
used, which was 450 mm/min. The evaporation temperature
of the solvent was 25°C.

The process of chemical modification of a precursor
was carried out by dipping membranes in appropriate
solutions one by one, at a stabilised temperature of 25°C.
The membranes were dipped in perhydride for 4 h, in
solution 3-APTES for 24 h and finally in the suspended
matter of GO for 24 h. After each stage, the membranes
were dried at 25°C for a period of at least 24 h.

Twelve membranes of a specific type were prepared
and ten of them were used for the construction of mem-
brane modules, while the other two were subjected to an
instrumental analysis.

To analyse the surface of modified membranes a con-
tact angle measurement was used as well as Fourier-
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and porosimetry. The contact angle was
measured with the sessile drop method using the OCA
25 DataPhysics goniometer. Ultrapure water was used
in the tests as the liquid with the drop volume of 0.5 pl.
The tests were carried out at the temperature of 25°C. The
FTIR analysis was conducted with the attenuated total
reflectance (ATR) technique and the Nicolet i510 (Thermo
Scientific) apparatus. The sample was scanned 32 times
within the wavenumbers of 4,000-800 cm™. The SEM anal-
ysis was carried out with the PhenomWord microscope
taking photos of the external surface of the membrane.
To determine the pore size distribution the PMI Capillary
Flow Porometer iPore ~1200A was used.

The adsorption properties of the materials containing
GO were tested in the fixed and flow systems. The fixed
system was used for testing flat samples of the material
containing GO. A weighed amount of the material (in one
piece) was placed in the beaker including the test solution,
and after 10, 15, 30 and 45 min from the start of the experi-
ment a sample of the solution was taken and the concentra-
tion of the test pharmacological substance was determined.
The mass of the sample was 0.4 g and its surface area was
0.0290 m? and the volume of solution was 0.01 L. The flow
system was used to test the adsorptibility of the membranes
in the module. This was a typical system for conducting
the process of microfiltration of closed-circuit of the feed.
The feed pressure was 0.5 bar. The total area of the mem-
branes in the module was 0.058 m? (10 membranes with a
length of 41 cm each were in the module; the area of sorp-
tion is the sum of the inner and outer surface of the mem-
branes). Permeate and retentate were turned back to the
feed tank. After 10, 15, 30 and 45 min from the start of the
process a sample of the feed was taken and the concentra-
tion of the test pharmacological substance was determined.
The volume of the feed solution was 0.5 L. To determine the
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concentration of the pharmacological substances UV-Vis
spectroscopy was used. For this purpose, for each substance
calibration curves of the test substances were prepared
and on their basis the concentration was determined. The
wavelength of maximum absorbance for amoxicillin and
for sulfadiazine is 283 and 288 nm, respectively. The flow
system was also used to determine ultrafiltration coefficient
(UFC) (Eq. (1))

Q
p-A

where Q is the permeate volumetric flow (m’/s); p is
the feed pressure (Pa); A is the filtration area (m?).

UFC=

@

2.2. Modification of microfiltration membranes

To modify the commercial polypropylene microfiltra-
tion membranes dip-coating and chemical modification
with a precursor were used. The purpose of both modifi-
cations was to create a layer containing graphene oxide on
the surface of the membranes.

Coating processes are commonly used in many indus-
tries. They are used to provide protective and anticorrosive
layers as well as layers that facilitate washing or improve the
appearance. These are relatively simple techniques used on
an industrial scale [21]. The dip-coating method consists in
dipping an element in a solution from which a new layer
will be created following evaporation of the solvent. In the
case of coating polypropylene membranes, the suspended
matter of graphene oxide in the solution of the polymer
is the modifying liquid. The polymer is the base and con-
nects inorganic fill to the surface of the membrane [22,23].
By controlling the rate of withdrawing the element from
the solution, the surface tension and the viscosity of the
solution as well as the number of repetitions of the process
a layer of the required thickness may be achieved.

The second test method was the chemical connec-
tion of GO to the surface of the membrane with the use

the first stage of the modification process was oxidation in
perhydride to generate OH groups on the surface. The pro-
cess of the chemical modification is schematically shown
in Fig. 1. The quality of the resulting layer is affected by
the duration of the reaction, the temperature and the
concentrations of the individual components [29].

3. Results and discussion

The first part of the research confirmed the adsorptibil-
ity of the pharmacological substances by materials contain-
ing GO. For this purpose flat samples of materials made
of PEBAX 2533 and GO were used, which were tested in
the fixed system. The results of changes in the concentra-
tion of the test substances during the process are shown
in Table 1. The results are presented as the mass of anti-
biotics adsorbed per one unit of the surface area of adsor-
bent g, in the time of adsorption ¢. Because the adsorption
process takes place only on the surface of the material, the
amount of the adsorption substance is presented in the
relation to the unit of the surface area.

On the basis of the results it can be concluded that the
concentration of the substance in the solution decreases,
hence the quantity of the adsorbed substance by the test
samples increases with time aiming at the specified value,
which determines the adsorptibility of the material under
given conditions. Similar results were obtained by authors
of other studies, who examined the adsorption properties
of GO [15,30]. Since the PEBAX 2533 copolymer does not
have adsorption properties, it can be concluded that GO
is responsible for the whole effect of removing the sub-
stance, which is confirmed by its properties. The amount

Table 1
Change in the concentration of pharmaceutical substance during
the adsorption process

Amoxicillin Sulfadiazine
of a precursor. In this study, 3-aminopropyltriethoxysi- ) ;
lane was used as the precursor [24-26]). The presence of t (min) q, (mg/m?)
alkoxy groups in the 3-APTES molecule makes it possible 10 345 3139
to connect to the. hydrophilic surface§ having. OH groups 15 20.69 4.42
[27]. Reactive amine groups connect with functional groups
. 30 26.55 4.60
that are on the surface of GO [28]. Since the polypropylene
membranes used in the tests are hydrophobic in nature, 45 31.03 477
QCH, NH
HsCO-Si— > ¢ 3-APTES
OCH;
e e
[ [
(CH2)3 (CH2)3 (CH2)3 (CH2)3
Pehydride ! i ! !
OH OH OH OH \o/ |\O/ “\O/ |\o/ \.O/ |“\O/ \.O/ |\O/
| | | | 0 o el o
Polypropylene membrane Polypropylene membrane Polypropylene membrane Polypropylene membrane

Fig. 1. Modification process of the membranes with the use of 3-APTES precursor.
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of adsorbed substances for the materials without GO was
lower than 0.1 mg/m?.

The FTIR analysis failed to confirm unequivocally the
presence of GO on the surface of the produced materi-
als. The results of the measurement are shown in Fig. 2. The
characteristic absorption bands for GO are connected with
the functional groups on its surface and correspond to the
stretching vibrations of the O-H group (3,200-3,600 cm™),
stretching vibrations of the C=O group (1,710-1,740 cm™)
and stretching vibrations of the C-O-C group (1,050-
1,150 cm™) [31]. However, vibrations connected with
the C=O and C-O-C groups also occur in the spectrum
PEBAX 2533 [32], while vibrations connected with the OH
group correspond to the stretching vibrations of the NH
group, which impedes an unambiguous identification
of the groups on the surface of the material originating
from GO. Only the intensity of the absorption of individ-
ual bands for the material containing GO increases, which
proves that there is a modification in relation to the pure
PEBAX 2533.

The tests of wettability of the material containing GO
showed a decreased contact angle from 83.21° for PEBAX
2533 to 40.84°. The results confirm the presence of hydro-
philic GO on the surface of the material.

Later the study presents the results obtained using
modified polypropylene membranes.

The surface of polypropylene membranes modified by
dip-coating underwent the FTIR analysis, and the results
are shown in Fig. 3.

The characteristic bands corresponding to the bands
obtained in the case of the material containing PEBAX
and GO prove the presence of a new layer on the surface
of the membranes. Bands corresponding to the stretching
vibrations of CH (2,800-3,000 cm™) and asymmetric and
non-asymmetric deformation vibrations of the CH groups
(1,400-1,500 cm™) are connected both with polypropylene
[33] and with PEBAX 2533.

Also the contact angle of new membranes was tested,
which for the unmodified membranes is approximately
110°. For membranes coated with material containing GO,

——PEBAX PEBAX + GO
O-H J&H C=0 CC | coc
= N-H
8
=}
<
i}
<
M —_— A&)&Lﬂ
By I R P 4 &
Y, 4, P, 0, 0, e, M, 00, 0, 0, e, M, P, Sa, %, 4,

Wavenumber [cm™]

Fig. 2. FTIR analysis of a sample of material created from PEBAX 2533 (PEBAX) and PEBAX 2533 + GO (PEBAX GO).

e

PP  e=——PP +PEBAX + GO
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Fig. 3. FTIR analysis of unmodified membranes (PP) covered with the PEBAX + GO (PP + PEBAX + GO) material in the dip-coating

process.
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the contact angle of 89° was obtained. The decreased con-
tact angle reflects the improved wettability of modified
membranes, which can be related to the presence of new
material on the surface of the membrane.

A similar analysis was carried out for chemically mod-
ified membranes. In this case in order to confirm the over-
lapping of individual phenomena, the FTIR analysis was
carried out (Fig. 4) and the contact angle was measured
after each stage of the process (Table 2), that is, after the
stage of oxidation with perhydride (PP + H,0,), modification
with a precursor (PP + H,0, + 3-APTES) and modification
with the use of GO (PP + H,O, + 3-APTES + GO).

The purpose of the oxidation stage was to create OH
groups on the surface of the polypropylene membrane.
The improved wettability of the membrane PP + H,O,
(decreasing the contact angle in relation to the unmodified
membrane) and the occurrence of the band (of low intensity)
within the range of 3,600-3,200 cm™ confirm the presence of
the OH groups. At the next stage, 3-APTES is connected to
the hydroxyl groups. The presence of the precursor is con-
firmed by the occurrence of the band corresponding to the
vibrations of the Si-O-Si groups (1,050-1,200 cm™) and the
peak connected with the NH vibration group (1,630 cm™).
The lack of visible peaks corresponding to the vibrations of
the group -CH (2,930-2,890 cm™) and -NH, (3,400 cm™) that
occur in the structure of 3-APTES [34] results from their over-
lapping with the peaks that are typical of polypropylene, or
the number of these groups on the surface is too low, which
causes slight absorbance. On the other hand, decreasing the
contact angle on the surface of the membrane below 90°
results from the presence of the hydrophilic groups NH, on
the surface of the membrane [35]. At the final stage of the
modification process, GO is connected to the amine groups
connected with molecules 3-APTES by the functional groups
on its surface. The presence of GO on the surface of the

==1=PP =——PFP +H202

PP +H202 + 3-APTES

membrane is confirmed by bands of vibrations connected
with the C=O and C-O groups and the change in the contact
angle. The increased wetting may be due to a small quantity
of GO which covered the surfaces of the membranes, but
the value of the contact angle after the modification is still
lower than that for the unmodified membrane. In addition,
some bonds were created between oxygen groups on the
GO surface and groups of the modifiers. This effect could
also influence the increase in the contact angle. Creating a
new layer is also confirmed by microscopic photos of the
surface of the membranes (Fig. 5). On the basis of the photos
it is possible to confirm the presence of a small quantity of
GO as a result of using low concentrations of GO and the
fact that as thin layer as possible was attempted to be made.
In addition, it can be noted that some of the pores of the
membrane covered with the dip coating method is covered
up by a new layer of the material.

The fact that the pores are blocked is confirmed by a
porosimetric analysis and values of filtration coefficient
UEC (Fig. 6). On the basis of the results it can be concluded
that for the modified membranes UFC decreases. It is
related to the change of pores size distribution. The mod-
ified membranes are characterized by higher number of
pores with a lower diameter. It is the result of the blocking
pores with higher diameter by the new layer, particularly
pores with a diameter between 0.20-0.24 um.

In the final part of the tests, the possibility of adsorption
of the pharmacological substance, amoxicillin, by modified
membranes in the flow systems was specified. The results
are shown in Table 3. On their basis it can be concluded
that the concentration of the pharmacological substance
decreases during the process. However, in the case of using
chemically modified membranes, the change in the con-
centration is quite low, which may result from the insuffi-
ciently small quantity of GO located on the surface of the

PP +H202 + 3-APTES + GO

M

O-H

M

Absorbance [-]

L .
A
- Si-0-Si
c=0  Si-0-Si

T, Y, i, S o g, S N S 2 N Y el
% o P 0 T e " 0 0 " Y P Y g

Wavenumber [cm!]

Fig. 4. FTIR analysis of unmodified membranes (PP) and chemically modified membranes after each stage of the process.

Table 2

Contact angle for the membranes after each stage of the modification process

Non-modified membrane PP PP+H,O,

PP+ H,0, + 3-APTES PP+ H,0, + 3-APTES + GO

110.68° 42.91°

62.96° 85.15°
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0 urm g

I O um I

I 40 um I

Fig. 5. SEM images of the surface: (a) the unmodified membrane, (b) the membrane modified with the dip-coating method

and (c) the chemically modified with a precursor.
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Fig. 6. Pore size distribution and UFC for unmodified and modified membranes.

Table 3
Change in the concentration of amoxicillin during the adsorption
process

Dip-coating Chemical modification

t (min) q, (mg/m?)
10 43.10 0.86
15 86.21 431
30 94.83 8.62
45 103.45 17.79

membrane. It should be noted that the layer created with
dip-coating has a thickness of a dozen or so micrometres,
while the layer created chemically has a thickness corre-
sponding to the thickness of one layer of graphene oxide.

4. Summary

The study confirms the possible adsorption of phar-
macological substances using materials containing GO.
Layers containing GO on the surface of the polypropylene
membranes were effectively created on the polypropylene
membranes using dip-coating and chemical modification

with a precursor. It was demonstrated that such membranes
have adsorption properties and are characterised by bet-
ter wettability. The contact angle decreased from 110° for
the unmodified membrane to about 85°-90° for the mod-
ified membranes. In the case of membranes modified by
dip-coating, better adsorption properties are noticed. The
amount of adsorbed substance was 103.45 and 17.79 mg/m?
for the membranes modified by the dip-coating method and
the chemical method, respectively. The difference between
the results is related to the amount of GO that covers the
membrane in the modification process. However, after
the modification process membranes have lower UFC. It is
related to the blocking of pores by a new layer.
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