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Abstract: The membranes based on cellulose acetate (CA) were obtained by the method of phase
inversion and used for removal of phenol (in concentrations of 15 and 25 mg/L) from liquid phase. To
differentiate the hydrophilic properties of the membrane surfaces, different amounts of cellulose acetate
(14 and 18 wt. %) and polyvinylpyrrolidone as a pore-generating agent (PVP, 1, 2, 3 or 4 wt. %) were
used. The membranes were characterised by determination of their porosity, equilibrium water content,
wetting angle and content of surface oxygen functional groups. After the application of membranes to
phenol removal, the following parameters characterising the process were determined: permeability,
membrane resistance, coke resistances, pore resistances, total filtration resistance and flux recovery
ratio. The membranes were found to show higher effectiveness in phenol removal from a solution of
the initial concentration 15 mg/L, and more effective were the membranes with higher contents of
cellulose acetate. On the surface of the membranes the oxygen functional groups of acidic nature are
dominant, both before and after filtration. The membranes of higher contents of cellulose acetate show
higher resistances.

Keywords: cellulose acetate membrane, phase inversion, physical and chemical properties, surface
chemistry, phenol removal

1. Introduction

Increasing degradation of the natural environment as a consequence of fast economic and industrial
development forces not only improvement in the already introduced purification methods but also the
search for new methods that would effectively remove pollutants from gas and liquid phases (Arasi et
al., 2021; Bazan and Pietrzak, 2020; Gnanasekarana et al., 2021). Important effective methods applied for
purification are those based on the membrane separation (Ding et al, 2020). The use of membranes based
on organic polymers, permits the removal of organic and inorganic chemical compounds (Leon et al.,
2016; Pan et al., 2019). The membranes used for purification of water solutions can have the forms of
capillary tubes, hollow fibres or plane sheets (Hou et al., 2014; HoogAntink et al., 2019). The most
popular method for the production of membranes is the phase inversion, which permits obtaining
membranes from such polymers as polyvinylidene fluoride, cellulose acetate, polysulphone or
polyethersulphone (Kamal et al., 2020; Thomas et al., 2014; Ocakoglu et al., 2021). In this method, a
mixture of the polymer, solvent and pore-generating agent is smeared out on a solid substrate, e.g. on
the glass, with a knife, the solvent is evaporated and then the substrate with the layer of polymer and
pore-generating agent is immersed in the coagulating bath, e.g. with deionised water (Krason and
Pietrzak, 2018). As a result, asymmetric porous membranes in the form of plane sheets are obtained.
One of the frequently met pollutants is phenol, which is the compound used in many branches of
industry and thus it is discharged with waste waters from many plants (Paul et al., 2021). It is a toxic
substance, when in contact with skin it causes irritation and after intake is causes headaches, problems
with metabolism, damages to the heart, kidneys and liver (Rudzanova et al., 2019; Solomakaou and
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Goula, 2021). Phenol is also damaging to water environment as it causes for example the oxidative stress
in water organisms, so it is essential to prevent its penetration to surface and underground waters (Sari
et al., 2020). The most popular methods for phenol removal are adsorption on e.g. zeolites, activated
carbon or membranes as in this study (Bera et al., 2016; Hernandez-Barreto et al., 2020; Wu et al., 2021).
The use of membranes is very attractive as it does not require complex technological processes (Fang et
al., 2022).

The main aim of this study was to obtain membranes of different contents of pore-generating agent,
based on cellulose acetate by the method of phase inversion and characterise their performance in the
process of removal of phenol from liquid phase.

2. Materials and methods
2.1. Materials

Cellulose acetate (CA) was purchased from Sigma Aldrich and used as a membrane material. N,N-
dimethyloformamide (DMF) was purchased from Avantor Performance Materials Poland S.A. and used
as a solvent. Polyvinylpyrrolidone (PVP, 10000 g/mol) as a pore former was supplied by Sigma
Aldrich.

2.2. Preparation of CA membranes

Casting solutions of CA 14 or 18 wt. % and 1, 2, 3 or 4 wt. % of PVP were prepared by mixing the
ingredients in a flask. The casting solution obtained was left to rest for about 24 h to allow complete
release of bubbles. After that, it was cast onto a glass plate using a stainless-steel knife to get a casting
film of 300 pm thickness, exposed to the atmosphere for 40 s, and then immersed into a coagulation bath
of deionized water. The as-prepared cast solution films were immersed and kept for 24 h in
a deionised water bath conditioned at 25°C to complete the exchange between the solvent and non-
solvent. Directly prior to use, each electrode was washed with a small amount of deionised water.

2.3. Membrane structure characterization

The membrane porosity was determined by the mass loss of wet membrane after drying. The membrane
sample was mopped with water on the surface and weighed under wet status. Then, the membrane
sample was dried in a drier at 60 °C for 24 h. The membrane porosity € (%) (Jasiewicz and Pietrzak,
2013) was evaluated from equation:

g =2 Wa. 1009 (1)

pv
where W, is the mass of a wet membrane sample (g), Wq is the mass of dry state membrane sample (g),
p - pure water density (g/cm?) and v - is the volume of a membrane in wet state (cm?).

The equilibrium water content (EWC) (Jasiewicz and Pietrzak, 2013) was determined by following
formula:

Ewc =%%e. 1009 @)
WW

The contact angle between water and membrane was directly measured using a contact angle
measuring instrument G10, KRUSS, Germany. For evaluation of the membrane hydrophilicity
deionized water was used as a probe liquid in all measurements. To minimize the experimental error,
the contact angle was measured at five random locations for each sample and then the average was
reported.

The surface properties were characterised using potentiometric titration experiments using 809
Titrando equipment manufactured by Metrohm. The instrument was set at the mode when the
equilibrium pH was collected. Materials studied in the amount of about 0.05 g in 50 cm? 0.01 mol/L
NaNO; were placed in a container thermostated at 25°C and equilibrated overnight with the electrolyte
solution. To eliminate the influence of atmospheric CO,, the suspension was continuously saturated
with Na. The carbon suspension was stirred throughout the measurements. Volumetric standards
NaOH (0.1 mol/L) or HCI (0.1 mol/L) were used as titrants (Hofman and Pietrzak, 2011; Szczepanik et
al., 2019).
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2.4. Membrane performance characterization

Water permeability of the membranes prepared was measured in a stainless steel cell, holding the
effective membrane area of 19.6 cm2 The membranes were initially subjected to deionised water of 3
bar for about 1.5 h before testing. Then, the pure water flux was measured at 3 bar, 23 +1°C and
0.22 m/s cross-flow velocity. The pure water flux (Krason and Pietrzak, 2018) was calculated from the
following equation:

Jw == ®)
where J (L/(m?h)) is the pure water flux, V (L) is the volume of permeated water, A (m?) is the effective
membrane area and At (h) is the permeation time.

The experiments were conducted using compressed nitrogen gas and phenol solutions of different
initial concentrations (15 or 25 mg/L) and all measurements were made at 3 bar, in triplicate. The final
concentration of phenol in the solution was analysed using a double beam UV-Vis spectrophotometer
(Varian Cary 100 Bio) at 506 nm. The rejection of this compound (%R) (Zhao et al., 2013) were calculated
from equation:

%R = (1 - g—]’j) -100 @)

where C, and C; (mg/L) were phenol concentrations in the permeate and the feed solutions,
respectively.

Membrane resistance was evaluated according to Darcy’s law (Di Bella and Di Trapani, 2019) by the
resistance in the series of models as follows:

AP
= ®)
where J (L/(m?h)) is the permeate flux, AP is the transmembrane pressure (TMP) (Pa), pt is the dynamic
viscosity of permeate (Pas), and R is the total filtration resistance (m/s). The resistance in the series of
models combines various resistances causing flux decline as follows:

R.=R,+R, +R, (6)
where, R; is the total filtration resistance composed of various resistances including that of the
membrane itself Ry, pore blocking R;, cake resistance R.. The intrinsic membrane resistance (Rn) can be
estimated from the initial pure water flux. Fouling resistance (Rp) is caused by pore plugging and
irreversible adsorption of foulants on membrane pore wall or surface. Cake resistance (R.) induced by
cake layer formed on the membrane surface was calculated from the water flux after pure water
washing (Li et al., 2008; Basile and Gallucci, 2011)

The detail membrane fouling behaviour was studied as follows. Firstly, pure water flux of the
membrane Jw1 (L/(m2h)) was tested at 3 bar. Then, aqueous solution of phenol (15-25 mg/L) was fed
into the ultrafiltration system. After filtration for 30 min, the membrane was flushed with pure water
for 10 min and then pure water flux of the membrane Ju2 (L/(m? h)) was measured. The flux recovery
ratio (FRR) (Zhao et al., 2013) was calculated using the following formula:

FRR(%) = jW—Z 100% @)
w1l

3. Results and discussion
3.1. Membrane characterization

Table 1 presents the structural parameters and contact angles for the two series of membranes produced,
CA14 and CA18.

Analysis of the results obtained for the membrane series CA14 shows that with increasing content
of the pore-generating agent the total pore content at first decreases, when comparing the membranes
with 1 and 2 % wt of PVP) and then increases. The values of equilibrium water content (EWC) show
a similar tendency of changes, but they are very similar and change only from 82 to 83 %. The highest
value of the contact angle was observed for the membrane of the lowest content of the pore-generating
agent (CA14 PVP1), but the other membranes of 2, 3 and 4 % wt. of PVP showed stronger hydrophilic
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properties, increasing with growing content of PVP. The decrease in the contact angle with increasing
content of PVP can be related to the greater content of the polymer of hydrophilic surface.

Table 1. Porosity (¢), equilibrium water content (EWC) and contact angle of the membranes studied

Membrane € (%) EWC (%) Contact angle
CA14 PVP1 46.08 83.09 65.443.00
CA14 PVP2 43.23 82.50 52.67.68
CA14 PVP3 52.93 83.40 53.5+8.34
CA14 PVP4 52.93 83.70 54.4+2.98
CA18 PVP1 4413 75.57 61.9+2.41
CA18 PVP2 50.31 76.74 62.8+1.47
CA18 PVP3 43.55 76.93 58.0+3.43

The porosity of CA18 series membranes did not depend on the content of PVP. The total pore content
of the membranes containing 1, 3 and 4 % wt. of PVP changed from 43.55 to 44.54%. For sample CA18
PVP2 the total pore content is much greater and reaches 50.31 %. The EWC values are similar for all
membranes and vary from 75 to 77 %. As follows from the contact angle measurements, it was higher
for the membranes containing 1 and 2 % wt. PVP than for CA18 PVP3 and CA18 PVP4, so the former
samples showed smaller hydrophilicity. The highest hydrophilicity was observed for the membrane
with 3 % wt. PVP, while the lowest for that with 2 % wt. PVP.

3.2. Membrane performance

Tables 2 and 3 present the content of acidic and basic oxygen functional groups on the surfaces of the
membranes, before and after the process of filtration of phenol solutions. The content of acidic oxygen
functional groups on the surface of CA14 series samples increased only for sample CA14 PVP2, while
on the surface of the other membranes form this series it decreased. For sample CA14 PVP2, the content
of oxygen functional groups of basic character also increased, although this increase was much larger
than that of acidic character. On the surfaces of the other membranes the contents of both acidic and
basic oxygen functional groups decreased.

According to Table 2, the greatest decrease in their contents took place for sample CA14 PVP1. After
the process of filtration, on the surface of sample CA14 PVP2 the content of oxygen functional groups
increased, while on the surface of the other membranes from this series the content of oxygen functional
groups decreased.

As follows from the data presented in Table 3, after the process of phenol solution filtration, on the
surfaces of all membranes from series CA18 the content of oxygen functional groups of acidic character
increased. Similarly, as for CA14 series membranes, the greatest increase in the content of oxygen
functional groups of acidic character took place on sample CA14 PVP2, while on the surfaces of the
other membranes this increase was not so significant. As far as the oxygen groups of basic character are
concerned, after filtration the content of such groups on membranes CA18 PVP1 and CA18 PVP2
slightly increased, while on the surfaces of membranes CA18 PVP3 and CA18 PVP4 the content of such
groups decreased, and this decrease was the greatest for the sample with the highest content of PVP.
Analysis of the total number of surface oxygen functional groups showed that from among CA18 series

Table 2. Acidic and basic properties of CA14 series membranes before and after filtration of 25 mg/L phenol
solution [mmol/g]

Total content of oxygen
Acidic groups Basic groups Y8

Sample groups
Before After Before After Before After
CA14 PVP1 4.58 3.78 2.61 1.81 7.19 5.59
CA14 PVP2 4.51 4.71 1.72 3.67 6.23 8.38
CA14 PVP3 4.60 3.88 1.70 1.68 6.30 5.56

CA14 PVP4 4.42 4.30 1.65 1.61 6.07 591
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Table 3. Acidic and basic properties of CA18 series membranes before and after filtration of 25 mg/L phenol
solution [mmol/g]

Total content of oxygen

Sample Acidic groups Basic groups groups
Before After Before After Before After
CA18 PVP1 4.37 4.58 1.52 1.68 5.89 6.26
CA18 PVP2 3.69 4.57 1.66 1.78 5.35 6.35
CA18 PVP3 4.00 414 1.63 1.54 5.63 5.68
CA18 PVP4 4.11 4.67 2.76 1.61 6.87 6.28

membranes, only for sample CA18 PVP4 this total number decreased. For the other membranes of this
series an increase in the total number of oxygen functional groups was observed.

Fig. 1 presents the permeability determined before and after filtration of phenol solutions for CA14
series membranes. The permeability increased with increasing content of PVP from 1 to 3 % wt. from
55.36 L/m?h to 17244 L/m?h. For membrane of the highest content of PVP, CA14 PVP4, the
permeability decreased to 154.65 L/m?h. Irrespective of the content of PVP in the membranes, their
permeabilities before filtrations were higher than after this process, which was a result of pore blocking.
Usually, the permeabilities after filtrations were higher for the membranes used for the filtration of
phenol solutions of the higher concentration of 25 mg/L, only for membrane CA14 PVP4 the
permeability was higher after the filtration of phenol solution of the concentration 15 mg/L.
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Fig. 1. Water flux of CA14 series membranes before and after phenol removal

Fig. 2 presents the permeability determined before and after the filtrations of phenol solutions for
CA18 series membranes. For all membranes from this series, the permeabilities increase with increasing
content of pore-generating agent. Before the filtrations the permeability of for membrane CA18 PVP1
was 7.15 L/m?h, while for the membrane of the highest content of PVP this value increased to 36.37
L/m?h. Similarly, as for membranes from CA14 series, the permeabilities before filtrations were higher
than after this process. Analysis of the results obtained after the process of phenol solution filtrations
shows that the permeabilities of membranes CA18 PVP1 and CA18 PVP4 are higher when the solution
of the lower phenol concentration was used. For membranes CA18 PVP2 and CA18 PVP3, the flow rates
are higher after the filtration of phenol solution of concentration 25 mg/L.

Fig. 3 presents the abilities of CA14 series membranes to remove phenol from water solutions. As
follows from these data, the membranes from this series are more effective in removal of phenol from
solutions of the concentration of 15 mg/L than from those of 25 mg/L. Irrespective of the phenol
solution concentration, the volume of phenol removed from the liquid phase decreased with increasing
content of PVP in the membranes. The exception was the fact that membrane CA14 PVP4 was more
effective than CA14 PVP3 upon filtration of the solution of 25 mg/L.
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Fig. 2. Water flux of CA18 series membranes before and after phenol removal
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Fig. 3. Phenol rejection of CA14 series membranes after filtration of a phenol solution

The amount of phenol removed by membranes from series CA18 versus the content of PVP is
illustrated in Fig. 4. The best performance was noted for membrane CA18 PVP2, which permitted the
removal of 89.19 and 88.63 % of phenol from the solutions of concentrations 15 and 25 mg/L. Very
effective in removal of phenol from the solution of concentration 15 mg/L was the membrane with the
lowest content of PVP, but when the solution of phenol concentration 25 mg/L was used its
effectiveness decreased. For membranes CA18 PVP3 and CA18 PVP4, the results were much poorer,
they removed 41 and 46 % of phenol from the solution of concentration 15 mg/L and 21 and 28 % of
phenol from the solution of 25 mg/L. Similarly, as for CA14 series membranes, the effectiveness of
phenol removal depends on the initial concentration of the phenol solutions used for filtration.

Another parameter determined was the flux recovery ratio (FRR) after the filtrations of phenol
solutions (Fig. 5). The FRR values for membranes CA14 PVP1 and CA18 PVP1 of the lowest content of
PVP were 82 % and 73 %, respectively. For the membranes from series CA14 the FRR values increase
with increasing content of PVP but only till membrane CA14 PVP3 for which the highest FRR of 96 %
was observed. For membrane CA14 PVP4, the FRR value is much smaller and reached only
77 %. For the samples from series CA18 the values of FRR decreased from CA18 PVP2 with increasing
content of PVP to reach 82 % for membrane CA18 PVP4.

The resistances determined for membranes from series CA14 after filtration of phenol solutions are
displayed in Table 4.
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The highest value of total resistance R, = 7.95x10%% L /m?h was found for CA14 PVP1, so for the sample
with the lowest content of PVP. The values for the other membranes were much lower and equalled to
5.05, 2.00 and 2.49 x10'3 L/m?h for the membranes of increasing content of PVP. For the values of the
other particular resistances the tendencies are similar as for the total resistance. Table 5 presents the
resistances determined after the filtration of phenol solutions for CA18 series membranes. The highest
total resistance R of 54.20x10%® L./ m2h was determined for membrane CA18 PVP1 and this value was
much higher than those obtained for the other membranes. For the other ones the total resistance
decreased with increasing content of PVP and took the values of 22.50, 11.52 and 10.04x10%3 L /m?2h. The
values of particular components of the total resistance also showed clear dependence on the content of
PVP.

Table 4. Filtration resistance of different membranes for phenol solution (25 mg/L)

Membrane CA14 PVP1 CA14 PVP2 CA14 PVP3 CA14 PVP4
Run (x1013) 233 155 0.67 0.67
R, (x101) 281 1.77 0.69 0.86
R. (x1073) 281 1.73 0.64 0.96
R. (x1013) 7.95 5.05 2.00 2.49
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Fig. 4. Phenol rejection of CA18 series membranes after filtration of a phenol solution
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Fig. 5. Flux recovery ratio of CA14 and CA18 series membranes after filtration with 25 mg/L phenol solution
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Table 5. Filtration resistance of different membranes for phenol solution (25 mg/L)

Membrane CA18 PVP1 CA18 PVP2 CA18 PVP3 CA18 PVP4
Rm (x1013) 15.30 7.51 3.64 3.01
R; (x1013) 20.90 8.06 415 3.65
R. (x1013) 18.00 6.93 3.73 3.38
R; (x1013) 54.20 22.50 11.52 10.04

4. Conclusions

Depending on the content of PVP, the membranes obtained have surfaces of different hydrophilicity,
however, the addition of PVP does not lead to significant changes in their porosity, equilibrium water
content and wetting angle values. Both before and after the filtrations, the oxygen functional groups of
acidic character dominate on the membrane surfaces and for most of the CA14 series membranes the
number of such groups decreases after the filtration, while for the CA18 series membranes the number
of such groups increases after the filtration. The permeability of almost all membranes increases with
increasing content of PVP (the exception is sample CA14 PVP1). Moreover, the values of permeability
decrease after the filtration as a result of pore blocking. Irrespective of the content of cellulose acetate,
all membranes remove phenol more effectively from the solution of the lower concentration. The
membranes of CA18 series show better sorption properties. The total resistance of filtration decreases
with increasing content of PVP for all membranes except sample CA14 PVP4, and higher values of total
resistance show the membranes of CA18 series.
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