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ABSTRACT

This study aims to prepare a polymer-coated mesh which could achieve good oil-water separation
efficiency with an antibacterial property. These polymers were synthesized by the polymerization
process of [3-(methacryloylamino) propyl] trimethylammonium chloride (MAPTAC). The hydrolysis
resistance and the swelling ratio of the polymers were also examined in order to choose a suitable
oil-water separation material. The prepared meshes showed not only high oil-water separation
efficiency (>99%) with high permeate flux (up to 4,308 L h™' m=), but also a good antibacterial property.
In addition, the oil-water separation efficiencies exceed 99% even under various severe conditions,
such as acidic (1 M HCI), alkaline (1 M NaOH), and salty (8 wt.% NaCl) solutions. The excellent
durability of the polymer-coated mesh shows the fact that it is a facile and promising filtration mesh
for oil-water separation.
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1. Introduction

Since oil spill accidents, as well as oil pollution from
industrial and restaurant wastewater, happened frequently
[1-4], the separation of oily wastewater has been noticed
worldwide due to the environmental issue. Current oil-
water separation technologies such as mechanical separa-
tion, oil adsorption, filtration, air flotation and coagulation
[5-10] could treat some accidents and pollutants; however,
these technologies were usually inefficient and have high
operating cost [11]. Gravity-driven membrane technology is
regarded as a potential filtration for oil-water separation due
to its low cost, energy-sufficient, and chemical-free process,
but its low permeate flux would be the major limitations to
utilization [12-14]. Therefore, porous filtration meshes or
membranes have attracted attention due to simplicity and
high permeate flux. The oil-water separation membranes
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inspired by fish scales have been widely adopted to solve the
problem [15-18] due to its anti-oil properties and underwater
superoleophobicity. Nevertheless, the complication of mul-
tiplying bacteria on membranes was gradually revealed in
recent years [19-23].

Multiplying bacteria is a serious and complex problem
for oil-water separation. Oily wastewater often contains
acids, alkalis and high concentration of salts, even bac-
teria such as Escherichia coli. The presence of bacteria has
adverse effects on the membrane separation process [24],
for example, increasing membrane filtration resistance [25]
and required energy [26], leading to the deterioration of the
membranes’ performance [27] and service life [26]. In order
to prevent the multiplying bacteria problems, an antimi-
crobial surface containing inorganic antibacterial materials
was coated on the oil-water separation membranes, such as
graphene oxide-SiO, hybrids [28], graphene oxide [29], and
copper [30]. With regard to these methods, there is thereby
unavoidable release from the antibacterial membranes,
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such as inorganic powders or metal ions. It would cause
secondary pollution and restrict their service life. On the
contrary, organic antibacterial materials such as quaternary
ammonium compounds [31], chitosan [32], halamine com-
pounds [33], and antibacterial enzymes or peptides [34,35]
have the ability to form covalent bond with the matrix of the
membranes; hence, the release problems for antibacterial
materials could be avoided.

Among these organic antibacterial materials, quaternary
ammonium antimicrobials especially play an important role
in the development of antibacterial surfaces [36]. They have
high antibacterial efficiency against a wide range of micro-
organisms, such as gram-positive, gram-negative bacteria,
fungi, and certain types of viruses [37,38]. Yao et al. produced
the poly(D,L-lactide) (PDLLA) fibrous membranes modi-
fied with quaternary ammonium moieties and the mem-
branes showed above 99.99% antibacterial efficiency against
gram-positive (Staphylococcus aureus) and gram-negative
(Escherichia coli) bacteria. It was proposed that there is a
strong interaction between the positive charges of quaternary
ammonium groups and the negative cell walls of bacteria,
leading to its good antibacterial ability [39]. Inspired by the
concept of the PDLLA modification, two kinds of quaternary
ammonium polymers, [2-(methacryloyloxy)ethyl) trimeth-
ylammonium chloride (MAETAC) and [3-(methacryloyl-
amino) propyl] trimethylammonium chloride (MAPTAC),
were synthesized to verify their oil-water separation
efficiency in this study. The effects of various proportions of
monomer and a crosslinking agent for polymerization were
also discussed. In addition, the hydrolysis resistance and the
swelling ratio of these synthesized polymers were exam-
ined as well. We prepared the oil-water separation meshes
by coating these antibacterial polymers on the stainless steel
meshes during polymerization. Their oil-water separation
efficiency, antibacterial ability, permeate flux, and durability
were discussed below.

2. Material and methods
2.1. Materials

In order to synthesize the polymers, [2-(methacryloyloxy)
ethyl] trimethylammonium chloride solution (MAETAC,
80%) and [3-(methacryloylamino) propyl]trimethylammo-
nium chloride solution (MAPTAC, 50%) were chosen as
the monomers; N,N,methylenebisacrylamide (MBA, 99%)
was the crosslinking agent; ammonium persulfate (APS,
295%) was the initiator. All chemicals mentioned above
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Stainless steel meshes (pore size 4, 13, 26, 45, 63, 75, and
150 pm) were purchased from Yung Sheng Wire Co., Ltd.,
(Taichung, Taiwan). The vegetable oil of oil-water mixture
was used as the pollutant source obtained from Standard
Food Corporation (Taipei, Taiwan).

2.2. Preparation of polymer solutions

In order to clarify the properties of the synthesized
polymers, we prepared five different types of polymers to
characterize their hydrolysis resistance and swelling ratio.
For the polymerization process, monomers (20 g of MAETAC

or MAPTAC), a crosslinking agent (0.1, 0.2, 0.3, and 0.5 g of
MBA), and an initiator (0.5 g of APS) were solved in deion-
ized water by stirring for 1 h. The specimen ID and its raw
materials of polymers were shown in Table 1. The polymer
solutions were used as the coating material for preparing the
oil-water separation meshes.

2.3. Hydrolysis resistance test

Initially, the polymer solutions would be heated to
remove the solvent in an oven at 85°C for 180 min to get the
dry polymers. Since the hydrolysis resistance test was car-
ried out in a closed reactor, we added 1 g of the dry polymer
into 100 mL of 0.5 M HCI solution in a vessel. The reaction
temperature would be maintained at 50°C in 12-92 h. After
that, the vessel was cooled in 20 min under sealed conditions.
Sequentially, the solid residue was collected from the solu-
tion by filtration, washed by distilled water until the pH =7,
and then dried at 80°C in a vacuum oven until reaching a
constant final mass. The dried solid residue was ground
into powder by a mortar, and then we dissolved 0.5 g of
the powder in 50 mL of a mixed solvent (2-methylphenol
and chloroform with mass ratio = 7:3) at a temperature of
90°C for 45 min. Besides, phenolphthalein was added as an
indicator for the potentiometric titration with standard eth-
anolic NaOH solution. When the titration was carried out,
the endpoint was determined by the observation of a faint
pink color [40]. Therefore, the end carboxyl-group concen-
tration, C ., (mol g™), could be obtained by the following
equation:

V,-V.xC
C(Cool—l):( : mB) - &)

V, (mL) was the volume of ethanolic NaOH which was
consumed by sample solution, V, (mL) was the volume of
ethanolic NaOH which was consumed by blank solution,
C, (mol L) was the concentration of ethanolic NaOH, and
m (g) was the weight of the solid residual powder.

2.4. Swelling ratio test

Swelling ratio test is a simple method to characterize the
networks of polymers. It is competed by the free energy of
mixing and elastic retractive force, so it is also regarded as
an index for polymer structures with different levels of cross-
linking. In this study, we used the tea-bag weight method

Table 1
Specimen ID and its raw materials of the polymers

Specimen Monomer Crosslinker Initiator
D MAETAC (g) MAPTAC(g) MBA(g) APS(g)
PT-1 0 20 0.1 0.5
PT-2 0 20 0.2 0.5
PT-3 0 20 0.3 0.5
PT-4 0 20 0.5 0.5
TE-1 20 0 0.1 0.5
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[41] to evaluate the swelling ratio. First, 0.500 g of dry poly-
mers was enclosed in a tea bag (40 mm x 50 mm) and placed
into 100 mL of water. The polymers started to swell while
they were steeped in water. The samples were weighed sev-
eral times in intervals until their weight reached equilibrium.
Sequentially, the swelling ratio could be calculated by using
the following formula:

™ 4 100% @)
mO

Q=14

where Q is the swelling ratio (g/g), and m, and m, denote the
weight of the swollen and dry polymer, respectively.

2.5. Preparation of polymer-coated oil-water separation mesh

The as-prepared polymer solutions were deposited
on the cleaned stainless steel (pore size 4, 13, 26, 45, 63, 75,
and 150 pm) by the dip-coating method. First, the stainless
steel meshes were immersed in the polymer solutions and
then drawn horizontally. Then, the polymer coated meshes
were heated in an oven at 85°C for 180 min. For the sake of
removing the nonreactive monomers, the polymer-coated
meshes would be flushed by deionized water after polym-
erization. Consequently, the oil-water separation meshes
were prepared and their oil-water separation efficiencies and
antibacterial property would be examined.

2.6. Oil—water separation and durability test

In order to set up the filtration system, the oil-water
separation mesh was welded between two stainless steel
tubes with 50 mm of inner diameter. For preventing the
leakage of oil-water mixtures (30 wt.%), the mesh was also
sealed by using an O-ring and a clamp. After fixing the mesh,
the oil-water mixtures were poured gently into the filtration
system and the effluent was collected in a beaker. Since there
is no external pressure applied to drive the liquid through
the mesh, it would be said that the gravity-driven mesh filtra-
tion system was realized, as shown in Fig. 1. Then, the mass
of effluent was measured in several sampling intervals and
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Fig. 1. Separation process of an oil-water mixture using MAP-
TAC coated mesh as a filter.

the permeate flux was calculated. Since the composition of
collect effluent was water, the separation efficiency could be
calculated by using oil rejection coefficient R (%) [42]:

R(%)=|1 5 100%
(%)=| 1= x100% ®)

0

where C and C, are the oil concentration of the original oil-
water mixture and the oil concentration of the collected water
after p times of the separation process, respectively. For the
durability test, the same separation process was repeated
120 times for the same polymer-coated mesh.

2.7. Antibacterial test

The antimicrobial activity was assessed referring to the
standard shake flask method (ASTM-E2149-01) [43-47], which
could determine the antimicrobial activity. This method pro-
vides quantitative data for measuring the reduction rate
in a number of colonies formed, converted to the average
colony forming units per milliliter of buffer solution in the
flask (CFU/mL). E. coli (ATCC 23815) was used as a model
bacterium because of its wide reproduction in water. In the
beginning, the target E. coli was cultured in Luria-Bertani
(LB) broth at 37°C for 24 h to reach mid-log phase, and then
the bacterial suspension was diluted with a 0.9% solution of
NaCl at pH 6.5 to the cell concentration of 10°-10” CFU/mL.
Then, 5 mL of diluted solution was withdrawn and incubated
with immersing a piece of polymer mesh (5 mm x 20 mm)
within a test tube at 37°C. In order to determine the inoculum
cell density, the suspensions were withdrawn before contact-
ing with the polymer mesh and after contacting in 1 h. The
withdrawn suspensions were diluted serially in the sterile
buffer solution, spread on a nutrient plate count agar (PCA),
and further incubated at 37°C for 24 h to determine the num-
ber of surviving bacteria. The colonies were counted and the
antibacterial rate (AR) was defined as follows:

n—

AR=| =2
nO
where 1, and n are the average number of bacteria before
and after the contact with the dilute samples, respectively.
All experiments were conducted in triplicate with data being

only considered if the error between measurements was
smaller than 15%.

”]x 100% (4)

2.8. Other characterizations

In order to understand the hydrophobicity of poly-
mer-coated meshes, contact angles and surface tension
were measured by using a contact angle meter (GBX-PX610,
Germany). During the measurement, chloroform droplets
(2 pL) were dropped carefully on the oil-water separation
mesh underwater at ambient temperature. The average
contact angle was determined by measuring more than
five different positions on the same sample. The images
of the polymer-coated meshes before and after filtration
were obtained from a scanning electron microscope (SEM;
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JEOL-16700, Japan) with an acceleration voltage of 15 kV and
the magnitude of 2,000X.

2.9. Chemical and thermal stability test

The oil-water separation tests of polymer-coated meshes
under various severe circumstances were examined to
determine the oil-water separation efficiency and chemical
stability. The testing circumstances included acidic (1 M HCI),
alkaline (1 M NaOH), and salty (8 wt.% NaCl) conditions.
Besides, we also conducted the filtration test under high
temperature of 80°C to verify its separation efficiency and
thermal stability [28].

3. Results and discussion
3.1. Physical properties of polymers

Two kinds of quaternary ammonium monomers,
MAETAC and MAPTAC, were used to synthesize the
polymers and the schematic diagram of the polymerization
reaction is represented in Fig. 2. It showed that polymers
with different monomers of MAETAC and MAPTAC were
both obtained successfully through the thermal polym-
erization with crosslinking agent, MBA. In addition, the
conversion of the monomers exceeded 99% to form a poly-
mer, indicated by the results of the potassium permanganate
titration test.

The service life and stability of the polymers could be
relative to their chemical structures, so hydrolysis resistance
tests of these polymers were conducted. Since the end car-
boxyl-group concentration was derived from the hydrolysis
of polymer, higher carboxyl group concentration indicated
the higher degrees of hydrolysis. In this study, two kinds of
polymers synthesized by MAETAC and MAPTAC noted as
TE-1 and PT-1, respectively, were examined. Fig. 3 depicts
the effect of hydrolysis time on the carboxyl group con-
centration of TE-1 and PT-1. The results revealed that the
carboxyl group concentration of TE-1 increased with the
hydrolysis time. When the hydrolysis time was 65 h, the car-
boxyl group concentration of TE-1 reached 64.7 mmol g7,
indicating that TE-1 was easily hydrolyzed and not stable
as a material for oil-water separation meshes [48-50]. On
the contrary, the degree of hydrolysis of PT-1 increased by
only 0.2 mmol g™ after 65 h, implying that the hydrolysis
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Fig. 2. Schematic diagram of the polymerization reaction.
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Fig. 3. Effect of different hydrolysis time on the carboxyl group
concentration of TE-1 and PT-1.

resistance of PT-1 was superior to that of TE-1. Thus it could
be concluded that PT-1 could be suitable for the application
of oil-water separation.

Fig. 4 illustrates the effects of time on the swelling ratio
of PT-1, PT-2, PT-3, and PT-4 which contained different pro-
portions of the crosslinking agent. The swelling ratio of all
the four polymers increased with time. In the first 10 min, the
swelling ratio of the four polymers increased considerably.
After 60 min, the swelling ratio for PT-1, PT-2, PT-3, and PT-4
became moderate and approached equilibrium. When the
swelling time was 1,440 min, the swelling ratios were 29.7,9.7,
7.2, and 5.7 g/g for PT-1, PT-2, PT-3, and PT-4, respectively.
It showed that the swelling ratio at equilibrium decreased
with increasing proportions of the crosslinking agent in the
polymers. The main reason is that more proportions of cross-
linking agent adding into the polymers resulted in higher
degrees of crosslinking, which would limit free volumes of
polymers and decrease the equilibrium swelling ratio.

3.2. Separation performance of the polymer coated meshes

The PT-1 polymer was deposited on various stainless
steel meshes, which had a different pore size (4-150 um).
Then the prepared polymer-coated meshes were fabricated
into the filtering system to verify the oil-water separation
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Fig. 4. Effect of different swelling time on swelling degrees of the
polymers, such as PT-1, PT-2, PT-3, and PT-4.
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efficiency and the permeate flux across the meshes. The
separation efficiency and permeate flux of these poly-
mer-coated meshes are shown in Fig. 5. It was revealed that
increasing the mesh pores size resulted in decreasing sepa-
ration efficiency and increasing permeate flux. In order to
meet the requirement of high separation efficiency above
99%, the pore size of stainless steel should be lower than
45 um. However, the permeate flux across the PT-1 coated
meshes decreased from 4,308 to 470 L h™ m™ as the pore size
decreased from 45 to 4 pm, indicating that 45 pm was the
optimal mesh pore size.

Since the optimal mesh pore size was confirmed, vari-
ous polymer-coated meshes by adding different amounts
of crosslinking agent were synthesized and characterized.
The oil-water separation efficiency and permeate flux of
PT-1, PT-2, PT-3, and PT-4 are shown in Fig. 6. The results
revealed that the separation efficiencies of PT-1, PT-2, PT-3,
and PT-4 were 99.8%, 99.7%, 99.5%, and 99.4%, respec-
tively. All of the separation efficiencies for these four types
of meshes exceeded 99%. However, the permeate fluxes
were 4,308; 4,848; 5,967; and 7,009 L h™' m, respectively, by
using PT-1, PT-2, PT-3, and PT-4 mesh. The possible reason
is that the swelling ratio of the polymers decreased with the
increasing proportions of crosslinking agent, resulting in
the larger pore size of the mesh. The higher pore size of the
mesh allowed higher permeate flux across the mesh. Besides,
the water contact angle and underwater oil contact angle of
PT-1 mesh were 0° and 149°, respectively. It represented that
PT-1 mesh was characterized as an oil-removal type separa-
tion mesh as well as PT-2, PT-3, and PT-4 showing the similar
surface wettability. Besides vegetable oil, we also attempt to
exploit the mixture of an organic solvent and water to exam-
ine the separation efficiency of the PT-1 mesh. The results
showed that the prepared mesh could separate water from
each mixture of toluene, heptane, diesel, or kerosene, with
extremely high separation efficiencies of >99%, representing
its good applicability for various organic-water mixtures.

3.3. Surface morphology, antibacterial property and durability
of the polymer-coated meshes

Fig. 7a is the SEM image of the prepared PT-1 coated
mesh for the oil-water separation. It could be observed that
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Fig. 5. The relationship of separation efficiency and permeate
flux across the oil-water separation meshes (PT-1) with the
variation of pore sizes of stainless steel meshes.
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the surface of the mesh had the texture with some irregu-
lar lines. Compared with Fig. 7a, the SEM image of the
PT-1 coated mesh after antibacterial test of E. coli suspen-
sion reveals some black spots on the fibers of the mesh as
shown in Fig. 7b. The shape of these black spots is similar to
that of E. coli described in the previous study [51,52]. In the
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Fig. 6. Separation efficiency and permeate flux of PT-1, PT-2,
PT-3, and PT-4 oil-water separation meshes. The photograph
showed that the water contact angle (WCA) and underwater oil
contact angle (OCA) of PT-1 mesh.

Fig. 7. (a) The SEM image of the PT-1 mesh at the initial state,
(b) the SEM image of the PT-1 mesh after the antibacterial test.
The pictures of plate counting results after antibacterial test of
(c) PT-1, (d) PT-2, (e) PT-3, and (f) PT-4 meshes.
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Fig. 8. (a)Effect of oil-water mixtures in different conditions on oil-water separation efficiency by using a PT-1 oil-water separation
mesh and (b) The durability test for the PT-1 oil-water separation mesh.

antibacterial test, the negative charges of E. coli easily attract
the positive surface charge of poly-quaternary ammonium
salt mesh; thus the E. coli are easily adsorbed onto the pre-
pared mesh. Sequentially, the internal charge balance of the
E. coli’s cell wall would be destroyed, leading to the death of
E. coli [36,53]. For the antibacterial test, Figs. 7c—f show the
pictures of incubated PCAs which were spread on the diluted
eluent after filtering process by using PT-1, PT-2, PT-3, and
PT-4 meshes. The stainless steel meshes without coated poly-
mer were also examined as the control experiment, and it
showed no antibacterial property through the plate counting
method. On contrary, the antibacterial property of PT-1, PT-2,
PT-3, and PT-4 meshes could be calculated as above 99.99%,
99.99%, 99.93%, and 99.67%, respectively. To sum up, as the
proportion of crosslinking agent increased, the density of the
quaternary ammonium molecule would be lower, thereby
resulting in a decrease of the antibacterial property [36].

Fig. 8a shows that the oil-water separation efficiencies of
the PT-1 polymer-coated mesh were not affected under vari-
ous severe conditions, such as acidic (1 M HCl), alkaline (1 M
NaOH), and salty (8 wt.% NaCl) solution. Their oil-water
separation efficiencies were kept above 99%. In addition, it
also proved that the oil-water separation efficiency could
reach more than 99% even under the operation at a high
temperature up to 80°C. The above results showed that the
PT-1 polymer-coated mesh had a wide range of operating
condition for separating the oil-water mixture.

Consequently, the durability of the PT-1 polymer-coated
mesh was also verified as shown in Fig. 8b. The oil-water
separation efficiencies could be maintained above 99.5% even
repeating 120 times of oil-water separation procedures. It
indicated that PT-1 polymer-coated mesh was not only facile
but also stable for the potential in practical utilization.

4. Conclusions

In this study, polymer-coated meshes were demonstrated
for the filtration of oil-water separation. The optimal poly-
mer-coated meshes were fabricated by the stainless steel
meshes coated with the PT-1 polymer. From the result of

hydrolysis resistance test under soaking in 0.5 M hydrochloric
acid solution, the carboxyl group of the polymers com-
posed of MAPTAC and MAETAC were identified as 0.2 and
64.7 mmol g7, respectively. It indicates that the MAPTAC
polymer provided better resistance against the hydrolysis
reaction. Besides, the swelling ratio of the MAPTAC poly-
mers was also investigated. It shows that higher amount of
crosslinking agent caused the limitation of free volumes of
polymers, resulting in the reduction of swelling ratio. For
the MAPTAC polymers, an optimal stainless steel mesh with
a pore size of 45 um was identified with due consideration
of its good oil-water separation efficiency and high perme-
ate flux. The MAPTAC polymer-coated meshes exhibited
excellent oil-water separation efficiency above 99% with high
permeate flux, varied in the range of 4,308-7,009 L h™ m=.
Moreover, their antibacterial properties against E. coli were
verified by the result of the antibacterial test. The few num-
bers of colonies per plate originated from the diluted eluent
revealed that PT-1 coated mesh had good antibacterial prop-
erty. Furthermore, this polymer-coated mesh also displayed
favorable resistance and good oil-water separation efficiency
(>99%) under the severe chemical circumstances, including
acidic (1 M HCI), alkaline (1 M NaOH), and salty (8 wt.%
NaCl) conditions. It also performed high oil-water separation
efficiency under the operation at a high temperature of 80°C.
Most importantly, the durability (up to 120 times) with
similar separation efficiency (>99%) suggests that the poly-
mer-coated mesh exhibits a strong potential for the practical
treatment of oil-water separation in the near future.
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