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ABSTRACT

In this study, recycled plastic waste was successfully used in preparing low-pressure
membranes by phase-inversion method. These membranes are considered as an
alternative solution for economical and environmental concerns, namely: water
reclamation as well as polymer recycling and reuse. Post-consumer recycled high-
impact polystyrene and virgin commercial high-impact polystyrene were separately
used to prepare membranes, which were thereafter compared in terms of their respective
characteristics and performance. N,N-Dimethylacetamide and deionised water were
used as a solvent and coagulant, respectively. Membranes were characterised by
microscopic observations, contact angle measurements, thermogravimetric analysis, and
filtration experiments. The recycled polymeric membranes presented similar thermal

properties as the membranes made from commercial high-impact polystyrene, which
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were used as control membranes. They also obtained similar asymmetric membrane
structures, however with slightly higher porosity (from 47.54 + 5.53 % for control
membranes to 52.31 + 4.33 % for recycled polymeric membranes). The presence of
additives in the recycled polymeric structure was confirmed by EDX results. Such
additives made the membranes to become more hydrophilic, reducing the water contact
angle value from 81.78 + 3.42 ° obtained for control membranes to 79.19 + 4.15 °.
Moreover, irreversible fouling was satisfactorily minimised and humic acid rejection
was very slightly enhanced (from 95.5 £ 0.2 to 96 £ 0.1 %). This indicates that the more
hydrophilic the membrane is, the better antifouling properties it possesses. Thus, the
results of the post-consumer recycled high-impact polystyrene suggest that they can
provide a sustainable and environmental alternative when implemented in low-pressure

membrane processes.

KEYWORDS Recycled plastic waste; High-impact polystyrene; Low-pressure

membrane filtration systems; Antifouling properties; Membrane characterisation.

1. INTRODUCTION

Water scarcity is a serious environmental concern that affects the natural environment,
wildlife and mankind due to the fact that water (especially freshwater) is the most
fundamental natural resource for the development and survival of living organisms in
the world [1]. Nowadays, the increasing environmental problems related to both climate
change and human socioeconomic development have irretrievably modified the
dynamic water cycle, which led to the degradation of ground and surface waters
(affecting both health and biodiversity of aquatic and terrestrial environments) and

therefore brought about a dangerous imbalance between demand and limited availability
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of freshwater [1-3]. It is very important to keep in mind that water is an unalienable
individual and collective right for every living organism [4]. Therefore, the enormity of
such problems obliges researchers to search for solutions and to implement sustainable
and “clean” technologies and resources, which is significant in the 21th century.
Treatment, reclamation and reuse of wastewater in a cost-effective manner would render

wastewater a sustainable water resource that could help to alleviate the water shortage

[5].

Currently, there is a growing concern over the environmental impact of the ever
increasing use of plastic and the associated generation of plastic waste, particularly non-
biodegradable and toxic by-products, which also present disposal challenges at the
landfill [6]. Polymers are produced using petroleum as their principal feedstock and are
one of the most widely used materials for several applications for industrial, agricultural
and household activities, mainly due to their good mechanical properties, versatility,
low density and ease of processing. Like freshwater and other natural resources,
petroleum is becoming scarcer and more expensive. As a result, new alternative sources
with less environmental impact as well as more clean technologies should be considered
for plastic production. In this regard, feasible sources could be biomass and natural gas;
however they are currently not economic alternatives. Among the different ways to deal
with plastic waste (which include combustion and burying underground, which are
unfriendly environmental processes due to the formation of toxic gases and fumes as
well as the pollution of surface and ground waters), plastic recycling is therefore often
the best environmental approach and could be considered as an area of particular
interest, especially for reducing the need to produce new plastics as well as other

polymer based products [6,7]. Among the different plastics that can be recycled include
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polyethylene terephthalate (PET), polyvinyl chloride (PVC), polypropylene (PP) or
high-density polyethylene (HDPE), these plastics are having different identification
codes and they have been used in a wide range of applications, such as packaging,
appliances, automotive components, toys, and electrical and electronic equipment.
High-impact polystyrene is a multiphase copolymer system which is formed by
polybutadiene rubber particles dispersed in a matrix structure of polystyrene [8]. Its
main advantages include good impact resistance, ease of moulding and processing,

stability and low cost.

In this work, membranes were developed via phase-inversion method from post-
consumer high-impact polystyrene. The aim was to assess the feasibility of using
recycled plastic material to prepare membranes which could be applied in
microfiltration and ultrafiltration processes. The novelty of this study lies in the use of
post-consumer high-impact polystyrene for preparing membranes which could be used
for different water applications such as water reclamation, thus promising to provide

environmental and economic benefits in a way.

2. EXPERIMENTAL

2.1. Chemicals and Materials

Commercial high-impact polystyrene (HIPS, Polystyrol 476L, supplied by BASF Co.,
Germany) and recycled high-impact polystyrene (HIPS-R, supplied by Acteco S.L.,
Spain) were used as base polymers and N,N-Dimethylacetamide (DMA) was employed
as a solvent. The non-woven support was commercial grade Viledon FO 2431
(Freudenberg, Germany). Humic acid (HA) solutions with concentration of 50 mg/L (at

pH 7) were used as common model foulants to study the antifouling ability of the

4
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synthesised membranes due to the fact that HA can be considered as the main
component of the natural organic matter (NOM) present in surface and ground waters.
Both DMA and HA were purchased from Sigma-Aldrich (Germany). The pH of feed
solutions was adjusted using 0.1 M NaOH (Panreac, Spain). Deionised water was used

throughout this study. Solvents and chemicals were used without further purification.

2.2. Membrane preparation
Membranes were prepared from homogeneous polymeric solutions (from HIPS and
HIPS-R, separately) in DMA by the non-solvent induced phase separation method
(NIPS). The composition of both polystyrene/DMA solutions was 20/80 wt%. Such
solutions were prepared under mechanical stirring at room temperature (20 °C) for at
least 48 h until a homogeneous solution was obtained and thereafter, were put into a
vacuum oven to remove the air bubbles trapped (50 °C, 15 min). The polymeric
solutions were uniformly cast onto non-woven supports using a film applicator (K101
Automatic Film Applicator, RK Print-Coat Instruments Ltd, UK) with a 100 um casting
knife at room temperature and controlled relative humidity (40%). They were immersed
in a coagulation bath (distilled water at a temperature between 10 and 15 °C) for 30 min
to complete the phase separation. After the precipitation, the membranes were washed

in order to remove residual solvent and were kept in deionised water for further testing.

2.3. Cloud point measurements
The ternary phase diagrams for HIPS/DMA/water systems were constructed by cloud
point measurements using the titration method described in a previous work [9]. The
function of a phase diagram is to describe the phase behaviour of a polymer-solvent

mixture and its possible phase separation, which leads to different membrane
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morphology and structure: symmetrical non-porous membrane, symmetrical porous
membrane, and asymmetric membrane formed by a thin dense top layer on a porous

substructure [10].

2.4. Viscosity measurements
The viscosity of the different polymeric solutions was measured by a Brookfield digital

viscometer (Model DVII+, United States of America) at 20 °C.

2.5. Membrane characterisation
High-impact polystyrene membranes were characterised in terms of morphology,
hydrophilicity, and permeation properties. Morphology and composition were analysed
by Fourier transform infrared-attenuated total reflection (FTIR-ATR), scanning electron
microscopy (SEM), atomic force microscopy (AFM), thermogravimetric analysis
(TGA), and energy dispersive X-ray spectroscopy (EDX). Hydrophilicity was also
evaluated using porosity (g), equilibrium water content (EWC) and contact angle
measurements. Finally, permeation properties were tested by water permeation

(obtaining the hydraulic permeability of each membrane) and humic acid rejection.

Cross-sectional morphologies of the membranes were observed using a scanning
electron microscope (JEOL JSM6300, Japan) equipped with an EDX spectrometer.
Samples were dried overnight and fractured in liquid nitrogen. After that, membrane
samples were sputtered with a thin conductive layer of carbon before SEM analysis.
EDX results provided the real composition of the measured area on the membrane

surface and were averaged from ten different locations for each sample.
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A multimode atomic force microscope (VEECO Instruments, USA) was used to record
images of the membrane surfaces in ambient air by tapping mode. The AFM images
were acquired at a scan size of 1 um x 1 um. Surface roughness was evaluated using the
mean roughness parameter (Sa) by averaging the roughness values obtained from

random 1 pm x 1 pum areas of each membrane sample:
1 N

Sa :*Z‘Zi _Zavg‘ Eqg. (1)
N o

where Z; is the current Z value measured, Zay is the average of the different Z values

within the given area, and N is the number of data points considered (512 data points).

FTIR-ATR analysis was performed in order to evaluate the differences between the
chemical structures of the different membranes. FTIR-ATR spectra were measured on a
Perkin-Elmer Spectrum 100 spectrometer equipped with an HATR accessory consisting
of a ZnSe crystal at a nominal incident angle of 45 °. For each measurement, 64 scans
were performed for an operating range from 400 to 4000 cm* with a resolution of 4 cm
! Before FTIR-ATR analysis, samples were dried in a desiccator overnight at room

temperature.

The thermal stability of the membranes was evaluated by thermogravimetric analysis
(TGA) using a TGA-DSC thermobalance (Perkin Elmer DSC 8000, USA). It was
operated at the heating ramp of 10 °C/min from 30 °C to 900 °C under nitrogen gas with

a flow of 50 mL/min.

In order to assess the surface hydrophilicity of the membranes, porosity, equilibrium

water content (EWC) and water contact angle of each membrane were studied. Average
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porosity (&) was determined by wet-dry weighting method, where the wet weight (Ww)
was measured at wet state after wiping the excess water on the sample surface while the
dry weight (Wp) was obtained after drying such samples in a vacuum oven for 24 h at

50 °C. Thus, both parameters (¢ and EWC) were calculated using the following

equations:
Wy —Wp)
Pw
%) =
£(%) Wy _WD)+WD 100 Eq. (2)
PW Pp
EWC (%) = WWW‘WD-loo Eq. (3)
w

where Ww and Wp are the wet and dry weight of the membrane (g), respectively; pw is
the density of water at operating conditions (g/cm®) and pp is the density of the

corresponding polymer (g/cm?).

Water contact angles were measured using the sessile drop method with deionised water
by an OCA measurement system (Dataphysics, Germany) at room temperature
conditions. In order to minimise the experimental error, the data obtained from these
parameters were averaged by ten measurements at different random locations of each

membrane sample.

2.6. Filtration experiments
The permeation properties of the membranes were characterised in terms of deionised
water flux and fouling studies using a standard cross-flow filtration system, which is
described in an earlier paper [11]. Flat-sheet membranes with an effective area of 70.3
cm? were put in the experimental setup for filtration tests. Each membrane was initially

pre-pressurised at 3 bar in deionised water for 30 min before the experiments. The
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deionised water flux was then measured under different transmembrane pressures (AP)
ranging from 0.5 to 3 bar at a constant flow rate of 300 L/h and 25 °C, and calculated by
Eq. (4):

\%

= m Eq. (4)

Jw

where Jw is the deionised water flux (L/m?-h), V is the volume of permeate water (L),

An is the membrane effective area (m?), and 4¢ is the permeation time (h).

According to Darcy’s law, the intrinsic resistance of the membrane itself (Rm) was
obtained from Jy using the following equation:

AP
Rm=—— Eq. (5)
H-dw

where AP is the transmembrane pressure (bar) and wx is the dynamic water viscosity

(Pa-s).

Pore size of the high-impact polystyrene membranes was determined by water-filtration
velocity method using the following equation known as the Guerout-Elford-Ferry

equation, which can be used as an estimated parameter of the true pore size [11,12]:

. \/ (2.9-1.75¢) 8¢ Q Eq. (6)

&-Am-AP

where (is the membrane thickness (m) and Qw is the water flow (m3/s).

Separation performance of the resulting membranes was studied in terms of permeate
flux (J;, L/m?-h) and rejection index (R, %) by filtration experiments of 50 mg/L HA
solutions. HA concentration was selected according to previous studies about membrane

characterisation [13,14]. These experiments were conducted at 25 £ 1 °C and 2 bar. HA
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rejections were measured by obtaining the HA concentration in each stream using an
UV-Visible spectrophotometer (Hewlett-Packard 8453) at a wavelength of 254 nm.

Therefore, rejection index was calculated as follows:

R =1 ~“Pago Eq. (7
(%) = , g. (7)

Once the filtration experiments with HA solutions were finished, membranes were
rinsed with deionised water to remove the reversible fouling from the membrane, where
the rinsing flux (Jr, L/m?-h) was measured. To evaluate the fouling-resistant capability

of HIPS and HIPS-R membranes, flux recovery ratio (FRR) was calculated by Eqg. (8):

FRR (%) = JJV;'“’O Eq. (8)

Then, the total filtration resistance, the reversible fouling resistance (caused by the
concentration polarisation phenomenon and the filtration cake) and the irreversible
fouling resistance (caused by strong solute adsorption and deposition) were determined

using the following equations:

RT = Rm + Rrev + Rirr Eq. (9)
AP
Rrev =————Rm = Rirr Eq. (10)
peJ f
AP
Rirr =————Rm Eq. (11)
Wy

where Rt is the total filtration resistance (obtained from the Darcy’s law, which
correlates this resistance with the permeate flux J and the transmembrane pressure AP),
Ji denotes the permeate flux of the filtration of HA solutions at steady state (L/m?2-h),

Rrev IS the reversible fouling and can be defined as the flux loss in the permeate stream

10
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that can be recovered by physical cleaning, and Rir is the irreversible fouling which can
be defined as the flux loss in the permeate stream that can be recovered by chemical

cleaning or even cannot be recovered.

3. RESULTS AND DISCUSSION

3.1. Phase diagrams for polystyrene/DMA/water ternary system
The phase-diagram for polystyrene/DMA/water ternary system is shown in Fig. 1. The
curves presented in the phase-diagram describe the precipitation point of each polymer
tested using DMA as a solvent and water as a non-solvent. It can be observed that both
membranes (HIPS and HIPS-R membranes) presented similar tendencies, however with
insignificant differences in the phase border curves (binodal curves) and the shift of the
critical point. These differences may be attributable to the presence of additives in the
HIPS-R matrix, which got incorporated to the plastic matrix during recycling. The
changes of the binodal curve during the phase separation process directly affect the
morphology of the membranes and are also heavily depending on the nature and
hydrophilicity of the additives [9,15]. The incorporation of additives into the polymeric
solution could cause the displacement of the binodal line toward polymer-water axis in
phase diagram. These additives could enlarge the homogeneous region. Due to their
hindrance effect (related to their hydrophilic properties or groups), additives could also
present larger tolerance to non-solvent. Consequently, more water would be needed to
precipitate the base polymer and thus leading to more delayed liquid-liquid demixing
(slower precipitation) and denser structures during the membrane preparation would be
obtained (thermodynamic aspect of the phase separation method) [9,16]. Additionally,
the viscosity of the polymeric solution could be increased with the presence of new

compounds in the polymeric solution, which would lead to a decrease in the exchange
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rate between solvent and non-solvent and thus resulting in a slower and longer
precipitation of the casting solution (kinetic aspect of the phase separation method)
[15,17]. However, the HIPS-R/DMA/water system showed a displacement of its binodal
curve toward the polymer-solvent axis. This increased both the unstable gap and
thermodynamic instability, which resulted in less need for non-solvent to prepare the
HIPS-R membranes (Fig. 1). This rapid demixing was corroborated with the results of
the measured viscosity, which are shown in Table 1. HIPS-R solutions had lower
viscosity than HIPS solutions (159.9 + 2.2 cP and 227.8 £ 2.8 cP, respectively) and
therefore, more liquid HIPS-R polymeric solution showed a faster diffusion of solvent
into the coagulation bath, which could favour the formation of macrovoids and results
in more porous membranes [18,19]. Therefore, in view of the phase diagram for
polystyrene/DMA/water ternary systems, HIPS-R membranes will show more open

morphologies than HIPS membrane.

3.2. SEM/EDX analysis
SEM analysis was carried out in order to visualise the cross-sectional morphologies of
both HIPS and HIPS-R membranes, which are shown in Fig. 2. It can be observed that
both membranes exhibited a similar asymmetric finger-like pore structure with evident
macrovoids and a thin top skin layer. This morphology matches with the typical
membrane structure obtained by immersion-precipitation phase-inversion method [9].
The exchange rate or affinity between solvent (DMA) and non-solvent (deionised
water) dominates this method, whereby the formation and enlargement of macrovoids
(instantaneous demixing) are being favoured by the good miscibility between them
[18,20]. Fig. 2 further shows that HIPS-R membrane had slightly more macrovoids and

larger cavities in the sublayer than the HIPS membrane. This could be related to the
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presence of additives incorporated during the recycling process into its structure, which
some of them could act as suppressors of macrovoids [19,21] and others could act as

pore forming agents [22,23].

The element composition of the samples of both membranes was analysed using EDX
spectroscopy at the same time the SEM analysis was conducted. The EDX results are
shown in Table 2. As can be seen from Table 2, the presence of carbon and oxygen was
observed in all the membranes, including chlorine, titanium, and silicon only in HIPS-R
structures. Carbon element is present in a high percentage because it is the main element
in the compounds that form the structure of the high-impact polystyrene (polystyrene
and polybutadiene) and also, the thin conductive layer used to cover the samples
consisted of carbon particles. In addition, oxygen was detected in both membranes. The
increase in the amount of oxygen (from 1.21 + 0.21 wt% in HIPS structures to 3.24 +
0.22 wt% in HIPS-R membranes) may be linked to the presence of chlorine, titanium,
and silicon in the post-consumer high-impact polystyrene structure, which could be
related to the additives used during the recycling processes, such as reinforcing fillers,
plasticisers, pigments, metal oxide nanoparticles, titanium derived coupling agents or
silane coupling agents [24-26]. Some of these additives could be accumulated in the
non-solvent bath after coagulation process, but others might be incorporated in the
resulting membrane structure. Their presence in the structure could explain the dark
colour of the HIPS-R membranes compared to the nearly white colour of HIPS

membranes (not shown in the paper) [6].

3.3. FTIR-ATR
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The absorbance spectra of the different membranes were recorded by Fourier transform
infrared-attenuated total reflection (FTIR-ATR), which allows, together with the EDX
analysis, deeper comprehension of the changes occurred in the chemical structure of the
membranes. Fig. 3 presents the FTIR-ATR spectra of HIPS and HIPS-R membranes
and it can be observed that both membranes had similar spectra. The absorption peaks at
2922 cm™ and 2852 cm™ corresponded to the C-H bond asymmetric and symmetric
stretching vibrations of vinyl groups. The peaks located at 3082 cm™ and 3026 cm™
were attributed to aromatic C-H stretching vibrations [27]. In the same way, the
absorption peaks at 1604 cm™ and 1496 cm™ were assigned to the aromatic C=C
stretching vibrations. Compared to pure polystyrene, high-impact polysterene (as a
rubber-reinformed polystyrene plastic) had enhanced strength properties due to the
addition of polybutadiene (the most common rubber used), which formed graft
copolymers with polystyrene [28]. The presence of polybutadiene can be demonstrated
by different absorption peaks. At 1718 cm™, there was a peak attributed to the stretching
vibration of C=0 groups, whose presence came from polybutadiene phase and was
confirmed by EDX analysis. In addition, the absorption peaks detected at 970 cm™ and
910 cm could be attributed to the out-of-plane C-H bond bending vibrations of trans-
1,4 and vinyl-1,2 groups, respectively. From FTIR-ATR spectra, it can be observed that
such peaks slightly decreased in the HIPS-R. Due to the overlapping styrene unit peak
in polystyrene, the peak at around 754 cm™ related to cis-1,4 of polybutadiene in HIPS
could not be studied [8,29]. Some new absorption peaks, which were related to the
presence of additives in its matrix structure, appeared in the FTIR-ATR spectrum of the
HIPS-R membrane. The presence of additives containing silicon was confirmed by the
long chain Si-CH2-R groups located at around 1248 cm, a double peak in the spectrum

at 1096 cm? assigned to Si-O-C bond, and those bands related to the stretching
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vibrations of the Si-O bond at 880 cm™ [30-32]. A weak increment of the absorption
band around 910 cm™ was observed. This increment was assigned to the stretching
vibration of the Ti-O-Si bond [32]. Similarly, a new absorption peak is visualised at 725

cm®, which could be related to the stretching vibrations of the Ti-O-Ti bonds [33].

3.4. AFM
Atomic force microscopy (AFM) was used to record the topography of the HIPS and
HIPS-R membranes over a scan size of 1 um x 1 pm. Their three-dimensional images
and surface roughness (Sa) values are shown in Table 1 and Fig. 4, respectively. The
brightest area indicates the highest points of the sample whereas the dark area illustrates
the valleys or pores of the surface. The surface roughness of HIPS-R membrane was
slightly higher than that of HIPS membrane, where the S, values of both membranes
were 5.37 £ 1.21 nm and 4.11 = 0.99 nm, respectively. This higher surface roughness
commonly favours the accumulation of solute particles in the valleys of the membrane
surface, which causes an increase in the membrane fouling resistance [34]. However, an
opposite behaviour can be observed when the formation of a rougher surface is closely
linked to the presence of hydrophilic additives. If the increase in roughness is caused by
the accumulation of hydrophilic additives, the surface hydrophilicity of a membrane can
be improved, thus reducing the interaction between the foulants and the membrane
surface. Such increases in surface roughness and hydrophilicity can enhance the
permeate flux and performance of a membrane and therefore, its antifouling properties

[11,35].

3.5. TGA
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Thermogravimetric analysis was performed to evaluate the thermal stability of the
prepared membranes by comparing the weight reduction of each membrane sample with
respect to temperature. The TGA curve of each membrane is shown in Fig. 5. It can be
clearly observed that the decomposition of both polymer films occurred in a unique
step, corresponding to thermal cracking of the polymer at around 430 °C (at 429.16 °C
for HIPS membranes and 428.01 °C for HIPS-R membranes). These results are in good
agreement with those reported by Zhuang and colleagues about the thermal
decomposition of high-impact polystyrene films [36]. The thermograms obtained for
both membranes showed similar mass decrease with insignificant alteration. These
results indicate that both membranes had similar thermal stability and minor structural
differences despite the presence of additives in the recycled high-impact polystyrene.
Additionally, these TGA results are in accordance with the FTIR-ATR and EDX results.
The TGA results further highlighted the influence of additives whereby the onset of the
fusion process for HIPS-R was delayed as opposed to the one for HIPS. Furthermore,
only 0.19% of the HIPS sample was left as opposed to 2.30% of HIPS-R sample was

left.

3.6. Porosity, EWC and Water contact angle
Results of porosity, EWC and water contact angle obtained for each membrane are
shown in Fig. 6. Both porosity and EWC values were higher in HIPS-R membranes
(52.31 + 4.33 % and 51.78 £ 3.71%, respectively) than in HIPS membranes (47.54 +
5.53% and 46.09 + 4.16%, respectively). This might be mainly due to the presence of
additives in the HIPS-R structure. The presence of additives in the HIPS-R polymeric
solution as a consequence of the recycling process resulted in a lower viscosity and

then, a more porous membranes (increasing number of pores and/or larger pore sizes in
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the sublayer) was obtained, which was confirmed before in previous analysis (the
aforementioned SEM analysis and phase diagrams). This fact was confirmed by the
calculation of the average pore radius for high-impact polystyrene membranes, which
has been applied in studies about preparation of asymmetric membranes [11,37]. HIPS-
R membrane showed higher average pore radius than the HIPS membrane, indicating

that the former membrane was more porous than the latter one (see Table 3).

Similarly, HIPS-R membrane presented lower water contact angle (79.19 + 4.15 ©) than
HIPS structures (81.78 * 3.42 °), showing a slightly higher hydrophilic character than
the HIPS membranes. However, both membranes could be considered as hydrophobic
(or semi-hydrophilic) membranes (see Fig. 6). Generally, membrane hydrophilicity is
higher when its contact angle is smaller. It could be comprehended that water contact
angle decreased with an increasing presence of additives in their structure, which may
have higher affinity for water (higher hydrophilic character) than base polymer and

therefore, the resulting structure could present higher hydrophilicity [38].

3.7. Filtration experiments
Permeation flux and solute rejections are the main parameters to characterise the
permselective properties and therefore, the membrane performance [39]. Filtration
experiments were carried out in order to determine water permeability K and intrinsic
membrane resistance (Rm) of membranes and the results are shown in Table 3. The
water permeability value of HIPS-R membranes was higher than that obtained for HIPS
membranes, mainly because HIPS-R membranes were more porous structures (see
porosity and EWC results). Several researchers have demonstrated the influence of the

material and the porosity of membranes on their water contact angle and on the
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deionised water flux [9,15,40,41]. There is a close relationship between surface
hydrophilicity and water flux, by which stronger hydrophilic surfaces lead to higher
water fluxes and thus, higher water permeability. The HIPS-R membranes showed
higher water permeability than HIPS membranes, which could be also related to the low
viscosity of HIPS-R solutions (as explained before in section 3.1). The viscosity of the
polymeric solution directly affects the permeate flux, since low viscous polymeric
solutions result in membranes with low resistance of flow through the polymer film and

therefore, membranes with high permeability [17].

Fouling experiments were performed in order to study the antifouling properties of the
prepared high-impact polystyrene membranes. Fig. 7 shows the permeate flux of each
membrane for the HA solution as a function of time. It can be seen that both membranes
showed similar performance with no significant difference during the filtration time.
The flux rapidly declined during the first 30 minutes of the filtration experiment, which
was caused by the fast accumulation of the retained solute particles on the surface and
in the pores of the membranes. After that period, a progressive decline of the permeate
flux occurred until a steady value, in which the equilibrium between the superficial
attachment and detachment of foulants was reached [10,39]. Comparing the steady state
fluxes obtained for each membrane at the end of the filtration experiment, the flux
decline of HIPS-R membranes was lower than that obtained for HIPS membranes. The
HIPS-R membranes showed a total flux loss of 56.9 % of the initial permeate flux
value, whereas HIPS membranes had a final flux loss of 62.3 % of the initial permeate
flux value. Due to the complexity of the fouling phenomena, the use of the resistance-
in-series model to study in depth the flux decline during fouling experiments was

considered [42]. For this reason, intrinsic membrane resistance (Rm), reversible
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resistance (Rrev), irreversible resistance (Rirr), total membrane resistance (Rr), and flux
recovery ratio (FRR) were calculated in order to quantitatively evaluate fouling
phenomena for the high-impact polystyrene membranes. The time evolution of FRR is
displayed in Fig. 8. Results show that FRR values of the HIPS-R membranes was higher
than those of the HIPS membranes. The higher hydrophilic character of HIPS-R
membranes could cause a reduction of HA deposition on the surface or within the pores,
which led to a lower fouling tendency. This fact was confirmed by the results of fouling
resistances shown in Fig. 9, where HIPS-R had much lower reversible and irreversible
resistance as compared to those for HIPS membranes. This lower resistance indicate
that the HIPS-R membranes possessed better antifouling characteristics than the HIPS
membrane. This could be related to the incorporation of additives into the polymeric

solution.

The high contribution of the irreversible resistance is closely linked to the strong
attachment of foulants to the membrane surface and its structure [43,44]. These foulants
are not easily removable by physical cleaning and hence, a chemical cleaning is needed.
The observed mean total fouling resistance (Rt) for HIPS and HIPS-R were 49 % and
42 %, respectively. Thus, it suggests that the presence of additives helped to reduce the
strength of the hydrophobic interactions between HA molecules and the membrane
surface. However, intrinsic membrane resistance (Rrev) is equally important as it
constituted 38 and 42 % of the Ry for HIPS and HIPS-R membranes, respectively. The
reversible resistance of both membranes presented similar values. This resistance is
linked to the low strength of the attachment of foulants to the surface as well as the
concentration polarisation phenomenon [44]. Notingly, the irreversible resistance could

be considered as the differentiating factor between both membranes. The improvement
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in antifouling properties for the HIPS-R membrane can be clearly linked to the
reduction of more than 22 % of the R value compared to that obtained in the HIPS
membrane. Given these results, it is safe to suggest that irreversible fouling can be
minimised to satisfactory levels by using membranes through phase inversion from
post-consumer high-impact polystyrene in low-pressure driven membrane filtration

processes.

Finally, the solute rejection of each membrane is displayed in Fig. 10. It can be
observed that the HA rejection for HIPS-R membranes was slightly improved as a
consequence of the presence of additives in the polymeric structure. These results are in
agreement with the observed improvement in previous parameters, including porosity,
hydrophilicity, surface roughness and water permeability. As was explained before,
previous research articles reported that there is a strong relationship between porosity
and water permeability [9,45]. The presence of additives favoured the formation of a
more porous membrane with a thinner skin layer, which led to a decline in the intrinsic
membrane resistance and thus higher water permeability. The higher porosity together
with a higher surface roughness and a lower water contact angle could result in an
improvement in hydrophilicity [41,46]. The increasing trend observed in all these
parameters (porosity, hydrophilicity, roughness and water permeability) for HIPS-R
membranes could play an important role in the improvement of their HA rejection
index, especially the membrane hydrophilicity which inhibits interactions between the

membrane surface and the organic solutes [9,41].

4. CONCLUSIONS
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Recycled plastic waste can be considered as an economical and environmental
alternative for preparing low-pressure membranes by phase-inversion method. Virgin
commercial high-impact polystyrene and post-consumer recycled high-impact
polystyrene were separately used as base polymers to prepare polymeric membranes,
which were subsequently compared in different characterisation tests and filtration
experiments. Post-consumer high-impact membranes showed an asymmetric structure
similar to that obtained for virgin commercial high-impact polystyrene membranes but
with slightly higher porosity and equilibrium water content. The analysis of the thermal
stability revealed that the onset of fusion process for post-consumer high-impact
polystyrene membranes started after the onset of the fusion process for commercial
high-impact polystyrene membranes. This might be caused by the presence of metallic
and organometallic additives, which was confirmed by the FTIR-ATR and EDX results.
The incorporation of different additives during the recycling process is fundamental to
provide new functional properties to the polymer as well as to strengthen the expected
characteristics of the original one. The additives made the membranes to become more
hydrophilic, which was observed in the lower water contact angle of the recycled plastic
waste membranes. Their low viscosity and high water permeability confirmed this
statement. Moreover, irreversible resistance was successfully minimised and the humic
acid rejection was improved in the post-consumer high-impact polystyrene membranes.
This indicates that these more hydrophilic membranes had better antifouling properties.
Finally, the results of the post-consumer recycled high-impact polystyrene membranes
suggested that they could provide a sustainable and environmental alternative when
implemented in low-pressure membrane separation processes (microfiltration and

ultrafiltration).
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Table 1. Viscosities and surface roughness (Sa) of each high-impact polystyrene
membrane prepared by phase-inversion method.

Sample Viscosity S,
(cP) (nm)
HIPS 227.8+2.8 4.11 +0.99
HIPS-R 159.9+22 537+1.21

Table 2. EDX results of HIPS and HIPS-R membranes.

Sample Element

C O Cl Ti Si

wit% wit% wit% wit% wit%

HIPS 9879 #022 121 %021 -  —  —  —  — -
HIPS-R 9632 +025 324 +022 006 +002 033 003 005 0.2

Table 3. Average pore radius (rm) and water permeability (K) of each high-impact
polystyrene membrane prepared by phase-inversion method.

'm K
(nm) (L/m?-h-bar)

HIPS 29.75+1.88 171.21 +2.62
HIPS-R  32.45+1.12 180.62 +0.71

Sample




Polymer #HIPS membranes
79 21 HIPS-R membranes

Solvent
0 1 2 3 4 5 6 7 8 9 10 11
Fig. 1. Ternary phase diagram for high-impact polystyrene membranes using commercial and post-
consumer high-impact polystyrene as base polymers, and NMP as a solvent constructed based on cloud
point measurements by titration method at 20 ° C.
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Fig. 2. SEM images of the cross-sections from HIPS (left) and HIPS-R (right) membranes.
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Fig. 3. FTIR-ATR spectra of the HIPS and HIPS-R membranes.
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Fig. 4. Three-dimensional AFM images of HIPS (left) and HIPS-R (right) membranes.
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Fig. 7. Time evolution of the permeate flux of each HIPS and HIPS-R membrane using humic acid
solution at a concentration of 50 mg/L, 25 °C, 2 bar.
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Fig. 8. Time evolution of the FRR parameter of each HIPS and HIPS-R membrane during rinsing process

(300 L/h, 25 °C, 1 bar).
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Fig. 9. Intrinsic membrane resistance (Rm), reversible fouling resistance (Rrev), irreversible fouling
resistance (Rirr), and total fouling resistance (Rr) of each HIPS and HIPS-R membrane determined from

filtration experiments of humic acid solution (50 mg/L, 25 °C, 2 bar).
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Fig. 10. Rejection index of humic acid solution (50 mg/L, 25 °C, 2 bar) by HIPS and HIPS-R membranes.



