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 14 

ABSTRACT 15 

In this study, recycled plastic waste was successfully used in preparing low-pressure 16 

membranes by phase-inversion method. These membranes are considered as an 17 

alternative solution for economical and environmental concerns, namely: water 18 

reclamation as well as polymer recycling and reuse. Post-consumer recycled high-19 

impact polystyrene and virgin commercial high-impact polystyrene were separately 20 

used to prepare membranes, which were thereafter compared in terms of their respective 21 

characteristics and performance. N,N-Dimethylacetamide and deionised water were 22 

used as a solvent and coagulant, respectively. Membranes were characterised by 23 

microscopic observations, contact angle measurements, thermogravimetric analysis, and 24 

filtration experiments. The recycled polymeric membranes presented similar thermal 25 

properties as the membranes made from commercial high-impact polystyrene, which 26 
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were used as control membranes. They also obtained similar asymmetric membrane 27 

structures, however with slightly higher porosity (from 47.54 ± 5.53 % for control 28 

membranes to 52.31 ± 4.33 % for recycled polymeric membranes). The presence of 29 

additives in the recycled polymeric structure was confirmed by EDX results. Such 30 

additives made the membranes to become more hydrophilic, reducing the water contact 31 

angle value from 81.78 ± 3.42 º obtained for control membranes to 79.19 ± 4.15 º. 32 

Moreover, irreversible fouling was satisfactorily minimised and humic acid rejection 33 

was very slightly enhanced (from 95.5 ± 0.2 to 96 ± 0.1 %). This indicates that the more 34 

hydrophilic the membrane is, the better antifouling properties it possesses. Thus, the 35 

results of the post-consumer recycled high-impact polystyrene suggest that they can 36 

provide a sustainable and environmental alternative when implemented in low-pressure 37 

membrane processes.  38 

 39 

KEYWORDS Recycled plastic waste; High-impact polystyrene; Low-pressure 40 

membrane filtration systems; Antifouling properties; Membrane characterisation. 41 

 42 

1. INTRODUCTION 43 

Water scarcity is a serious environmental concern that affects the natural environment, 44 

wildlife and mankind due to the fact that water (especially freshwater) is the most 45 

fundamental natural resource for the development and survival of living organisms in 46 

the world [1]. Nowadays, the increasing environmental problems related to both climate 47 

change and human socioeconomic development have irretrievably modified the 48 

dynamic water cycle, which led to the degradation of ground and surface waters 49 

(affecting both health and biodiversity of aquatic and terrestrial environments) and 50 

therefore brought about a dangerous imbalance between demand and limited availability 51 
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of freshwater [1-3]. It is very important to keep in mind that water is an unalienable 52 

individual and collective right for every living organism [4]. Therefore, the enormity of 53 

such problems obliges researchers to search for solutions and to implement sustainable 54 

and “clean” technologies and resources, which is significant in the 21th century. 55 

Treatment, reclamation and reuse of wastewater in a cost-effective manner would render 56 

wastewater a sustainable water resource that could help to alleviate the water shortage 57 

[5].  58 

 59 

Currently, there is a growing concern over the environmental impact of the ever 60 

increasing use of plastic and the associated generation of plastic waste, particularly non-61 

biodegradable and toxic by-products, which also present disposal challenges at the 62 

landfill [6]. Polymers are produced using petroleum as their principal feedstock and are 63 

one of the most widely used materials for several applications for industrial, agricultural 64 

and household activities, mainly due to their good mechanical properties, versatility, 65 

low density and ease of processing. Like freshwater and other natural resources, 66 

petroleum is becoming scarcer and more expensive. As a result, new alternative sources 67 

with less environmental impact as well as more clean technologies should be considered 68 

for plastic production. In this regard, feasible sources could be biomass and natural gas; 69 

however they are currently not economic alternatives. Among the different ways to deal 70 

with plastic waste (which include combustion and burying underground, which are 71 

unfriendly environmental processes due to the formation of toxic gases and fumes as 72 

well as the pollution of surface and ground waters), plastic recycling is therefore often 73 

the best environmental approach and could be considered as an area of particular 74 

interest, especially for reducing the need to produce new plastics as well as other 75 

polymer based products [6,7]. Among the different plastics that can be recycled include 76 



4 
 

polyethylene terephthalate (PET), polyvinyl chloride (PVC), polypropylene (PP) or 77 

high-density polyethylene (HDPE), these plastics are having different identification 78 

codes and they have been used in a wide range of applications, such as packaging, 79 

appliances, automotive components, toys, and electrical and electronic equipment. 80 

High-impact polystyrene is a multiphase copolymer system which is formed by 81 

polybutadiene rubber particles dispersed in a matrix structure of polystyrene [8]. Its 82 

main advantages include good impact resistance, ease of moulding and processing, 83 

stability and low cost.  84 

 85 

In this work, membranes were developed via phase-inversion method from post-86 

consumer high-impact polystyrene. The aim was to assess the feasibility of using 87 

recycled plastic material to prepare membranes which could be applied in 88 

microfiltration and ultrafiltration processes. The novelty of this study lies in the use of 89 

post-consumer high-impact polystyrene for preparing membranes which could be used 90 

for different water applications such as water reclamation, thus promising to provide 91 

environmental and economic benefits in a way.  92 

 93 

2. EXPERIMENTAL 94 

2.1. Chemicals and Materials 95 

Commercial high-impact polystyrene (HIPS, Polystyrol 476L, supplied by BASF Co., 96 

Germany) and recycled high-impact polystyrene (HIPS-R, supplied by Acteco S.L., 97 

Spain) were used as base polymers and N,N-Dimethylacetamide (DMA) was employed 98 

as a solvent. The non-woven support was commercial grade Viledon FO 2431 99 

(Freudenberg, Germany). Humic acid (HA) solutions with concentration of 50 mg/L (at 100 

pH 7) were used as common model foulants to study the antifouling ability of the 101 
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synthesised membranes due to the fact that HA can be considered as the main 102 

component of the natural organic matter (NOM) present in surface and ground waters. 103 

Both DMA and HA were purchased from Sigma-Aldrich (Germany). The pH of feed 104 

solutions was adjusted using 0.1 M NaOH (Panreac, Spain). Deionised water was used 105 

throughout this study. Solvents and chemicals were used without further purification.  106 

 107 

2.2. Membrane preparation 108 

Membranes were prepared from homogeneous polymeric solutions (from HIPS and 109 

HIPS-R, separately) in DMA by the non-solvent induced phase separation method 110 

(NIPS). The composition of both polystyrene/DMA solutions was 20/80 wt%. Such 111 

solutions were prepared under mechanical stirring at room temperature (20 ºC) for at 112 

least 48 h until a homogeneous solution was obtained and thereafter, were put into a 113 

vacuum oven to remove the air bubbles trapped (50 ºC, 15 min). The polymeric 114 

solutions were uniformly cast onto non-woven supports using a film applicator (K101 115 

Automatic Film Applicator, RK Print-Coat Instruments Ltd, UK) with a 100 µm casting 116 

knife at room temperature and controlled relative humidity (40%). They were immersed 117 

in a coagulation bath (distilled water at a temperature between 10 and 15 ºC) for 30 min 118 

to complete the phase separation. After the precipitation, the membranes were washed 119 

in order to remove residual solvent and were kept in deionised water for further testing.  120 

 121 

2.3. Cloud point measurements 122 

The ternary phase diagrams for HIPS/DMA/water systems were constructed by cloud 123 

point measurements using the titration method described in a previous work [9]. The 124 

function of a phase diagram is to describe the phase behaviour of a polymer-solvent 125 

mixture and its possible phase separation, which leads to different membrane 126 
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morphology and structure: symmetrical non-porous membrane, symmetrical porous 127 

membrane, and asymmetric membrane formed by a thin dense top layer on a porous 128 

substructure [10].  129 

 130 

2.4. Viscosity measurements 131 

The viscosity of the different polymeric solutions was measured by a Brookfield digital 132 

viscometer (Model DVII+, United States of America) at 20 ºC.  133 

 134 

2.5. Membrane characterisation 135 

High-impact polystyrene membranes were characterised in terms of morphology, 136 

hydrophilicity, and permeation properties. Morphology and composition were analysed 137 

by Fourier transform infrared-attenuated total reflection (FTIR-ATR), scanning electron 138 

microscopy (SEM), atomic force microscopy (AFM), thermogravimetric analysis 139 

(TGA), and energy dispersive X-ray spectroscopy (EDX). Hydrophilicity was also 140 

evaluated using porosity (ε), equilibrium water content (EWC) and contact angle 141 

measurements. Finally, permeation properties were tested by water permeation 142 

(obtaining the hydraulic permeability of each membrane) and humic acid rejection. 143 

 144 

Cross-sectional morphologies of the membranes were observed using a scanning 145 

electron microscope (JEOL JSM6300, Japan) equipped with an EDX spectrometer. 146 

Samples were dried overnight and fractured in liquid nitrogen. After that, membrane 147 

samples were sputtered with a thin conductive layer of carbon before SEM analysis. 148 

EDX results provided the real composition of the measured area on the membrane 149 

surface and were averaged from ten different locations for each sample. 150 

 151 
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A multimode atomic force microscope (VEECO Instruments, USA) was used to record 152 

images of the membrane surfaces in ambient air by tapping mode. The AFM images 153 

were acquired at a scan size of 1 µm x 1 µm. Surface roughness was evaluated using the 154 

mean roughness parameter (Sa) by averaging the roughness values obtained from 155 

random 1 µm x 1 µm areas of each membrane sample: 156 

∑
=

−=
N

i
avgia ZZ

N
S

0

1          Eq. (1) 157 

where Zi is the current Z value measured, Zavg is the average of the different Z values 158 

within the given area, and N is the number of data points considered (512 data points). 159 

 160 

FTIR-ATR analysis was performed in order to evaluate the differences between the 161 

chemical structures of the different membranes. FTIR-ATR spectra were measured on a 162 

Perkin-Elmer Spectrum 100 spectrometer equipped with an HATR accessory consisting 163 

of a ZnSe crystal at a nominal incident angle of 45 º. For each measurement, 64 scans 164 

were performed for an operating range from 400 to 4000 cm-1 with a resolution of 4 cm-165 

1. Before FTIR-ATR analysis, samples were dried in a desiccator overnight at room 166 

temperature.  167 

 168 

The thermal stability of the membranes was evaluated by thermogravimetric analysis 169 

(TGA) using a TGA-DSC thermobalance (Perkin Elmer DSC 8000, USA). It was 170 

operated at the heating ramp of 10 ºC/min from 30 ºC to 900 ºC under nitrogen gas with 171 

a flow of 50 mL/min. 172 

 173 

In order to assess the surface hydrophilicity of the membranes, porosity, equilibrium 174 

water content (EWC) and water contact angle of each membrane were studied. Average 175 
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porosity (ε) was determined by wet-dry weighting method, where the wet weight (WW) 176 

was measured at wet state after wiping the excess water on the sample surface while the 177 

dry weight (WD) was obtained after drying such samples in a vacuum oven for 24 h at 178 

50 °C. Thus, both parameters (ε and EWC) were calculated using the following 179 

equations: 180 

( )

( ) 100·(%)

p

D

W

DW
W

DW

WWW

WW

ρρ

ρε
+

−

−

=        Eq. (2) 181 

100·(%)
W

DW

W
WWEWC −

=         Eq. (3) 182 

where WW and WD are the wet and dry weight of the membrane (g), respectively; ρw is 183 

the density of water at operating conditions (g/cm3) and ρp is the density of the 184 

corresponding polymer (g/cm3).  185 

 186 

Water contact angles were measured using the sessile drop method with deionised water 187 

by an OCA measurement system (Dataphysics, Germany) at room temperature 188 

conditions. In order to minimise the experimental error, the data obtained from these 189 

parameters were averaged by ten measurements at different random locations of each 190 

membrane sample.  191 

 192 

2.6. Filtration experiments 193 

The permeation properties of the membranes were characterised in terms of deionised 194 

water flux and fouling studies using a standard cross-flow filtration system, which is 195 

described in an earlier paper [11]. Flat-sheet membranes with an effective area of 70.3 196 

cm2 were put in the experimental setup for filtration tests. Each membrane was initially 197 

pre-pressurised at 3 bar in deionised water for 30 min before the experiments. The 198 
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deionised water flux was then measured under different transmembrane pressures (ΔP) 199 

ranging from 0.5 to 3 bar at a constant flow rate of 300 L/h and 25 ºC, and calculated by 200 

Eq. (4): 201 

tA
V

WJ
m ∆

=
·

          Eq. (4) 202 

where JW is the deionised water flux (L/m2·h), V is the volume of permeate water (L), 203 

Am is the membrane effective area (m2), and Δt is the permeation time (h). 204 

 205 

According to Darcy’s law, the intrinsic resistance of the membrane itself (Rm) was 206 

obtained from Jw using the following equation: 207 

WJ
P

mR
·µ
∆

=           Eq. (5) 208 

where ΔP is the transmembrane pressure (bar) and μ is the dynamic water viscosity 209 

(Pa·s). 210 

 211 

Pore size of the high-impact polystyrene membranes was determined by water-filtration 212 

velocity method using the following equation known as the Guerout-Elford-Ferry 213 

equation, which can be used as an estimated parameter of the true pore size [11,12]: 214 

PA
Q

mr
m

W
∆

−
=

··
··8)··75.19.2(

ε
ζµε

       Eq. (6) 215 

where ζ is the membrane thickness (m) and QW is the water flow (m3/s). 216 

 217 

Separation performance of the resulting membranes was studied in terms of permeate 218 

flux (Jf, L/m2·h) and rejection index (R, %) by filtration experiments of 50 mg/L HA 219 

solutions. HA concentration was selected according to previous studies about membrane 220 

characterisation [13,14]. These experiments were conducted at 25 ± 1 ºC and 2 bar. HA 221 
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rejections were measured by obtaining the HA concentration in each stream using an 222 

UV-Visible spectrophotometer (Hewlett-Packard 8453) at a wavelength of 254 nm. 223 

Therefore, rejection index was calculated as follows: 224 

100·(%)
f

pf
C

CC
R

−
=          Eq. (7) 225 

 226 

Once the filtration experiments with HA solutions were finished, membranes were 227 

rinsed with deionised water to remove the reversible fouling from the membrane, where 228 

the rinsing flux (Jr, L/m2·h) was measured. To evaluate the fouling-resistant capability 229 

of HIPS and HIPS-R membranes, flux recovery ratio (FRR) was calculated by Eq. (8):  230 

100·(%)
W
r

J
JFRR =          Eq. (8) 231 

 232 

Then, the total filtration resistance, the reversible fouling resistance (caused by the 233 

concentration polarisation phenomenon and the filtration cake) and the irreversible 234 

fouling resistance (caused by strong solute adsorption and deposition) were determined 235 

using the following equations: 236 

irrrevm RRRTR ++=         Eq. (9) 237 

irrm
f

RR
J
P

revR −−
∆

=
·µ

                Eq. (10) 238 

m
r

R
J
P

irrR −
∆

=
·µ

                  Eq. (11) 239 

where RT is the total filtration resistance (obtained from the Darcy’s law, which 240 

correlates this resistance with the permeate flux J and the transmembrane pressure ΔP), 241 

Jf denotes the permeate flux of the filtration of HA solutions at steady state (L/m2·h), 242 

Rrev is the reversible fouling and can be defined as the flux loss in the permeate stream 243 
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that can be recovered by physical cleaning, and Rirr is the irreversible fouling which can 244 

be defined as the flux loss in the permeate stream that can be recovered by chemical 245 

cleaning or even cannot be recovered. 246 

 247 

3. RESULTS AND DISCUSSION 248 

3.1. Phase diagrams for polystyrene/DMA/water ternary system 249 

The phase-diagram for polystyrene/DMA/water ternary system is shown in Fig. 1. The 250 

curves presented in the phase-diagram describe the precipitation point of each polymer 251 

tested using DMA as a solvent and water as a non-solvent. It can be observed that both 252 

membranes (HIPS and HIPS-R membranes) presented similar tendencies, however with 253 

insignificant differences in the phase border curves (binodal curves) and the shift of the 254 

critical point. These differences may be attributable to the presence of additives in the 255 

HIPS-R matrix, which got incorporated to the plastic matrix during recycling. The 256 

changes of the binodal curve during the phase separation process directly affect the 257 

morphology of the membranes and are also heavily depending on the nature and 258 

hydrophilicity of the additives [9,15]. The incorporation of additives into the polymeric 259 

solution could cause the displacement of the binodal line toward polymer-water axis in 260 

phase diagram. These additives could enlarge the homogeneous region. Due to their 261 

hindrance effect (related to their hydrophilic properties or groups), additives could also 262 

present larger tolerance to non-solvent. Consequently, more water would be needed to 263 

precipitate the base polymer and thus leading to more delayed liquid-liquid demixing 264 

(slower precipitation) and denser structures during the membrane preparation would be 265 

obtained (thermodynamic aspect of the phase separation method) [9,16]. Additionally, 266 

the viscosity of the polymeric solution could be increased with the presence of new 267 

compounds in the polymeric solution, which would lead to a decrease in the exchange 268 
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rate between solvent and non-solvent and thus resulting in a slower and longer 269 

precipitation of the casting solution (kinetic aspect of the phase separation method) 270 

[15,17]. However, the HIPS-R/DMA/water system showed a displacement of its binodal 271 

curve toward the polymer-solvent axis. This increased both the unstable gap and 272 

thermodynamic instability, which resulted in less need for non-solvent to prepare the 273 

HIPS-R membranes (Fig. 1). This rapid demixing was corroborated with the results of 274 

the measured viscosity, which are shown in Table 1. HIPS-R solutions had lower 275 

viscosity than HIPS solutions (159.9 ± 2.2 cP and 227.8 ± 2.8 cP, respectively) and 276 

therefore, more liquid HIPS-R polymeric solution showed a faster diffusion of solvent 277 

into the coagulation bath, which could favour the formation of macrovoids and results 278 

in more porous membranes [18,19]. Therefore, in view of the phase diagram for 279 

polystyrene/DMA/water ternary systems, HIPS-R membranes will show more open 280 

morphologies than HIPS membrane. 281 

 282 

3.2. SEM/EDX analysis 283 

SEM analysis was carried out in order to visualise the cross-sectional morphologies of 284 

both HIPS and HIPS-R membranes, which are shown in Fig. 2. It can be observed that 285 

both membranes exhibited a similar asymmetric finger-like pore structure with evident 286 

macrovoids and a thin top skin layer. This morphology matches with the typical 287 

membrane structure obtained by immersion-precipitation phase-inversion method [9]. 288 

The exchange rate or affinity between solvent (DMA) and non-solvent (deionised 289 

water) dominates this method, whereby the formation and enlargement of macrovoids 290 

(instantaneous demixing) are being favoured by the good miscibility between them 291 

[18,20]. Fig. 2 further shows that HIPS-R membrane had slightly more macrovoids and 292 

larger cavities in the sublayer than the HIPS membrane. This could be related to the 293 
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presence of additives incorporated during the recycling process into its structure, which 294 

some of them could act as suppressors of macrovoids [19,21] and others could act as 295 

pore forming agents [22,23].  296 

 297 

The element composition of the samples of both membranes was analysed using EDX 298 

spectroscopy at the same time the SEM analysis was conducted. The EDX results are 299 

shown in Table 2. As can be seen from Table 2, the presence of carbon and oxygen was 300 

observed in all the membranes, including chlorine, titanium, and silicon only in HIPS-R 301 

structures. Carbon element is present in a high percentage because it is the main element 302 

in the compounds that form the structure of the high-impact polystyrene (polystyrene 303 

and polybutadiene) and also, the thin conductive layer used to cover the samples 304 

consisted of carbon particles. In addition, oxygen was detected in both membranes. The 305 

increase in the amount of oxygen (from 1.21 ± 0.21 wt% in HIPS structures to 3.24 ± 306 

0.22 wt% in HIPS-R membranes) may be linked to the presence of chlorine, titanium, 307 

and silicon in the post-consumer high-impact polystyrene structure, which could be 308 

related to the additives used during the recycling processes, such as reinforcing fillers, 309 

plasticisers, pigments, metal oxide nanoparticles, titanium derived coupling agents or 310 

silane coupling agents [24-26]. Some of these additives could be accumulated in the 311 

non-solvent bath after coagulation process, but others might be incorporated in the 312 

resulting membrane structure. Their presence in the structure could explain the dark 313 

colour of the HIPS-R membranes compared to the nearly white colour of HIPS 314 

membranes (not shown in the paper) [6].  315 

 316 

3.3. FTIR-ATR 317 
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The absorbance spectra of the different membranes were recorded by Fourier transform 318 

infrared-attenuated total reflection (FTIR-ATR), which allows, together with the EDX 319 

analysis, deeper comprehension of the changes occurred in the chemical structure of the 320 

membranes. Fig. 3 presents the FTIR-ATR spectra of HIPS and HIPS-R membranes 321 

and it can be observed that both membranes had similar spectra. The absorption peaks at 322 

2922 cm-1 and 2852 cm-1 corresponded to the C-H bond asymmetric and symmetric 323 

stretching vibrations of vinyl groups. The peaks located at 3082 cm-1 and 3026 cm-1 324 

were attributed to aromatic C-H stretching vibrations [27]. In the same way, the 325 

absorption peaks at 1604 cm-1 and 1496 cm-1 were assigned to the aromatic C=C 326 

stretching vibrations. Compared to pure polystyrene, high-impact polysterene (as a 327 

rubber-reinformed polystyrene plastic) had enhanced strength properties due to the 328 

addition of polybutadiene (the most common rubber used), which formed graft 329 

copolymers with polystyrene [28]. The presence of polybutadiene can be demonstrated 330 

by different absorption peaks. At 1718 cm-1, there was a peak attributed to the stretching 331 

vibration of C=O groups, whose presence came from polybutadiene phase and was 332 

confirmed by EDX analysis. In addition, the absorption peaks detected at 970 cm-1 and 333 

910 cm-1 could be attributed to the out-of-plane C-H bond bending vibrations of trans-334 

1,4 and vinyl-1,2 groups, respectively. From FTIR-ATR spectra, it can be observed that 335 

such peaks slightly decreased in the HIPS-R. Due to the overlapping styrene unit peak 336 

in polystyrene, the peak at around 754 cm-1 related to cis-1,4 of polybutadiene in HIPS 337 

could not be studied [8,29]. Some new absorption peaks, which were related to the 338 

presence of additives in its matrix structure, appeared in the FTIR-ATR spectrum of the 339 

HIPS-R membrane. The presence of additives containing silicon was confirmed by the 340 

long chain Si-CH2-R groups located at around 1248 cm-1, a double peak in the spectrum 341 

at 1096 cm-1 assigned to Si-O-C bond, and those bands related to the stretching 342 
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vibrations of the Si-O bond at 880 cm-1 [30-32]. A weak increment of the absorption 343 

band around 910 cm-1 was observed. This increment was assigned to the stretching 344 

vibration of the Ti-O-Si bond [32]. Similarly, a new absorption peak is visualised at 725 345 

cm-1, which could be related to the stretching vibrations of the Ti-O-Ti bonds [33]. 346 

 347 

3.4. AFM 348 

Atomic force microscopy (AFM) was used to record the topography of the HIPS and 349 

HIPS-R membranes over a scan size of 1 µm x 1 µm. Their three-dimensional images 350 

and surface roughness (Sa) values are shown in Table 1 and Fig. 4, respectively. The 351 

brightest area indicates the highest points of the sample whereas the dark area illustrates 352 

the valleys or pores of the surface. The surface roughness of HIPS-R membrane was 353 

slightly higher than that of HIPS membrane, where the Sa values of both membranes 354 

were 5.37 ± 1.21 nm and 4.11 ± 0.99 nm, respectively. This higher surface roughness 355 

commonly favours the accumulation of solute particles in the valleys of the membrane 356 

surface, which causes an increase in the membrane fouling resistance [34]. However, an 357 

opposite behaviour can be observed when the formation of a rougher surface is closely 358 

linked to the presence of hydrophilic additives. If the increase in roughness is caused by 359 

the accumulation of hydrophilic additives, the surface hydrophilicity of a membrane can 360 

be improved, thus reducing the interaction between the foulants and the membrane 361 

surface. Such increases in surface roughness and hydrophilicity can enhance the 362 

permeate flux and performance of a membrane and therefore, its antifouling properties 363 

[11,35]. 364 

 365 

3.5. TGA 366 
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Thermogravimetric analysis was performed to evaluate the thermal stability of the 367 

prepared membranes by comparing the weight reduction of each membrane sample with 368 

respect to temperature. The TGA curve of each membrane is shown in Fig. 5. It can be 369 

clearly observed that the decomposition of both polymer films occurred in a unique 370 

step, corresponding to thermal cracking of the polymer at around 430 ºC (at 429.16 ºC 371 

for HIPS membranes and 428.01 ºC for HIPS-R membranes). These results are in good 372 

agreement with those reported by Zhuang and colleagues about the thermal 373 

decomposition of high-impact polystyrene films [36]. The thermograms obtained for 374 

both membranes showed similar mass decrease with insignificant alteration. These 375 

results indicate that both membranes had similar thermal stability and minor structural 376 

differences despite the presence of additives in the recycled high-impact polystyrene. 377 

Additionally, these TGA results are in accordance with the FTIR-ATR and EDX results. 378 

The TGA results further highlighted the influence of additives whereby the onset of the 379 

fusion process for HIPS-R was delayed as opposed to the one for HIPS. Furthermore, 380 

only 0.19% of the HIPS sample was left as opposed to 2.30% of HIPS-R sample was 381 

left. 382 

 383 

3.6. Porosity, EWC and Water contact angle 384 

Results of porosity, EWC and water contact angle obtained for each membrane are 385 

shown in Fig. 6. Both porosity and EWC values were higher in HIPS-R membranes 386 

(52.31 ± 4.33 % and 51.78 ± 3.71%, respectively) than in HIPS membranes (47.54 ± 387 

5.53% and 46.09 ± 4.16%, respectively). This might be mainly due to the presence of 388 

additives in the HIPS-R structure. The presence of additives in the HIPS-R polymeric 389 

solution as a consequence of the recycling process resulted in a lower viscosity and 390 

then, a more porous membranes (increasing number of pores and/or larger pore sizes in 391 
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the sublayer) was obtained, which was confirmed before in previous analysis (the 392 

aforementioned SEM analysis and phase diagrams). This fact was confirmed by the 393 

calculation of the average pore radius for high-impact polystyrene membranes, which 394 

has been applied in studies about preparation of asymmetric membranes [11,37]. HIPS-395 

R membrane showed higher average pore radius than the HIPS membrane, indicating 396 

that the former membrane was more porous than the latter one (see Table 3).  397 

 398 

Similarly, HIPS-R membrane presented lower water contact angle (79.19 ± 4.15 º) than 399 

HIPS structures (81.78 ± 3.42 º), showing a slightly higher hydrophilic character than 400 

the HIPS membranes. However, both membranes could be considered as hydrophobic 401 

(or semi-hydrophilic) membranes (see Fig. 6). Generally, membrane hydrophilicity is 402 

higher when its contact angle is smaller. It could be comprehended that water contact 403 

angle decreased with an increasing presence of additives in their structure, which may 404 

have higher affinity for water (higher hydrophilic character) than base polymer and 405 

therefore, the resulting structure could present higher hydrophilicity [38]. 406 

 407 

3.7. Filtration experiments 408 

Permeation flux and solute rejections are the main parameters to characterise the 409 

permselective properties and therefore, the membrane performance [39]. Filtration 410 

experiments were carried out in order to determine water permeability K and intrinsic 411 

membrane resistance (Rm) of membranes and the results are shown in Table 3. The 412 

water permeability value of HIPS-R membranes was higher than that obtained for HIPS 413 

membranes, mainly because HIPS-R membranes were more porous structures (see 414 

porosity and EWC results). Several researchers have demonstrated the influence of the 415 

material and the porosity of membranes on their water contact angle and on the 416 
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deionised water flux [9,15,40,41]. There is a close relationship between surface 417 

hydrophilicity and water flux, by which stronger hydrophilic surfaces lead to higher 418 

water fluxes and thus, higher water permeability. The HIPS-R membranes showed 419 

higher water permeability than HIPS membranes, which could be also related to the low 420 

viscosity of HIPS-R solutions (as explained before in section 3.1). The viscosity of the 421 

polymeric solution directly affects the permeate flux, since low viscous polymeric 422 

solutions result in membranes with low resistance of flow through the polymer film and 423 

therefore, membranes with high permeability [17]. 424 

 425 

Fouling experiments were performed in order to study the antifouling properties of the 426 

prepared high-impact polystyrene membranes. Fig. 7 shows the permeate flux of each 427 

membrane for the HA solution as a function of time. It can be seen that both membranes 428 

showed similar performance with no significant difference during the filtration time. 429 

The flux rapidly declined during the first 30 minutes of the filtration experiment, which 430 

was caused by the fast accumulation of the retained solute particles on the surface and 431 

in the pores of the membranes. After that period, a progressive decline of the permeate 432 

flux occurred until a steady value, in which the equilibrium between the superficial 433 

attachment and detachment of foulants was reached [10,39]. Comparing the steady state 434 

fluxes obtained for each membrane at the end of the filtration experiment, the flux 435 

decline of HIPS-R membranes was lower than that obtained for HIPS membranes. The 436 

HIPS-R membranes showed a total flux loss of 56.9 % of the initial permeate flux 437 

value, whereas HIPS membranes had a final flux loss of 62.3 % of the initial permeate 438 

flux value. Due to the complexity of the fouling phenomena, the use of the resistance-439 

in-series model to study in depth the flux decline during fouling experiments was 440 

considered [42]. For this reason, intrinsic membrane resistance (Rm), reversible 441 
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resistance (Rrev), irreversible resistance (Rirr), total membrane resistance (RT), and flux 442 

recovery ratio (FRR) were calculated in order to quantitatively evaluate fouling 443 

phenomena for the high-impact polystyrene membranes. The time evolution of FRR is 444 

displayed in Fig. 8. Results show that FRR values of the HIPS-R membranes was higher 445 

than those of the HIPS membranes. The higher hydrophilic character of HIPS-R 446 

membranes could cause a reduction of HA deposition on the surface or within the pores, 447 

which led to a lower fouling tendency. This fact was confirmed by the results of fouling 448 

resistances shown in Fig. 9, where HIPS-R had much lower reversible and irreversible 449 

resistance as compared to those for HIPS membranes. This lower resistance indicate 450 

that the HIPS-R membranes possessed better antifouling characteristics than the HIPS 451 

membrane. This could be related to the incorporation of additives into the polymeric 452 

solution.  453 

 454 

The high contribution of the irreversible resistance is closely linked to the strong 455 

attachment of foulants to the membrane surface and its structure [43,44]. These foulants 456 

are not easily removable by physical cleaning and hence, a chemical cleaning is needed. 457 

The observed mean total fouling resistance (RT) for HIPS and HIPS-R were 49 % and 458 

42 %, respectively. Thus, it suggests that the presence of additives helped to reduce the 459 

strength of the hydrophobic interactions between HA molecules and the membrane 460 

surface. However, intrinsic membrane resistance (Rrev) is equally important as it 461 

constituted 38 and 42 % of the RT for HIPS and HIPS-R membranes, respectively. The 462 

reversible resistance of both membranes presented similar values. This resistance is 463 

linked to the low strength of the attachment of foulants to the surface as well as the 464 

concentration polarisation phenomenon [44]. Notingly, the irreversible resistance could 465 

be considered as the differentiating factor between both membranes. The improvement 466 
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in antifouling properties for the HIPS-R membrane can be clearly linked to the 467 

reduction of more than 22 % of the Rirr value compared to that obtained in the HIPS 468 

membrane. Given these results, it is safe to suggest that irreversible fouling can be 469 

minimised to satisfactory levels by using membranes through phase inversion from 470 

post-consumer high-impact polystyrene in low-pressure driven membrane filtration 471 

processes.  472 

 473 

Finally, the solute rejection of each membrane is displayed in Fig. 10. It can be 474 

observed that the HA rejection for HIPS-R membranes was slightly improved as a 475 

consequence of the presence of additives in the polymeric structure. These results are in 476 

agreement with the observed improvement in previous parameters, including porosity, 477 

hydrophilicity, surface roughness and water permeability. As was explained before, 478 

previous research articles reported that there is a strong relationship between porosity 479 

and water permeability [9,45]. The presence of additives favoured the formation of a 480 

more porous membrane with a thinner skin layer, which led to a decline in the intrinsic 481 

membrane resistance and thus higher water permeability. The higher porosity together 482 

with a higher surface roughness and a lower water contact angle could result in an 483 

improvement in hydrophilicity [41,46]. The increasing trend observed in all these 484 

parameters (porosity, hydrophilicity, roughness and water permeability) for HIPS-R 485 

membranes could play an important role in the improvement of their HA rejection 486 

index, especially the membrane hydrophilicity which inhibits interactions between the 487 

membrane surface and the organic solutes [9,41]. 488 

 489 

4. CONCLUSIONS 490 
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Recycled plastic waste can be considered as an economical and environmental 491 

alternative for preparing low-pressure membranes by phase-inversion method. Virgin 492 

commercial high-impact polystyrene and post-consumer recycled high-impact 493 

polystyrene were separately used as base polymers to prepare polymeric membranes, 494 

which were subsequently compared in different characterisation tests and filtration 495 

experiments. Post-consumer high-impact membranes showed an asymmetric structure 496 

similar to that obtained for virgin commercial high-impact polystyrene membranes but 497 

with slightly higher porosity and equilibrium water content. The analysis of the thermal 498 

stability revealed that the onset of fusion process for post-consumer high-impact 499 

polystyrene membranes started after the onset of the fusion process for commercial 500 

high-impact polystyrene membranes. This might be caused by the presence of metallic 501 

and organometallic additives, which was confirmed by the FTIR-ATR and EDX results. 502 

The incorporation of different additives during the recycling process is fundamental to 503 

provide new functional properties to the polymer as well as to strengthen the expected 504 

characteristics of the original one. The additives made the membranes to become more 505 

hydrophilic, which was observed in the lower water contact angle of the recycled plastic 506 

waste membranes. Their low viscosity and high water permeability confirmed this 507 

statement. Moreover, irreversible resistance was successfully minimised and the humic 508 

acid rejection was improved in the post-consumer high-impact polystyrene membranes. 509 

This indicates that these more hydrophilic membranes had better antifouling properties. 510 

Finally, the results of the post-consumer recycled high-impact polystyrene membranes 511 

suggested that they could provide a sustainable and environmental alternative when 512 

implemented in low-pressure membrane separation processes (microfiltration and 513 

ultrafiltration).  514 

 515 
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7. LIST OF SYMBOLS 661 
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Variables 662 

Am  Effective area of the membrane (m2) 663 

Cf  Solute concentration in the feed stream (mg/L) 664 

Cp  Solute concentration in the permeate stream (mg/L) 665 

FRR  Flux recovery ratio (%) 666 

J  Permeate flux during the filtration process (L/m2·h) 667 

Jf Permeate flux at the end of the humic acid filtration (L/m2·h) 668 

Jr  Permeate flux during the rinsing process (L/m2·h) 669 

JW  Permeate water flux / Deionised water flux (L/m2·h) 670 

K  Water permeability (L/m2·h·bar) 671 

N  Number of points within the given area (dimensionless) 672 

QW  Water flow (m3/s) 673 

R  Solute rejection index (%) 674 

Rirr  Membrane irreversible resistance (m-1) 675 

rm  Average pore radius (m) 676 

Rm  Membrane intrinsic resistance (m-1) 677 

Rrev  Membrane reversible resistance (m-1) 678 

RT  Membrane total resistance (m-1) 679 

Sa  Average roughness (nm) 680 

T  Temperature (°C) 681 

V  Total volume permeated during an experimental time interval (L) 682 

WD  Weight of dry membranes (g) 683 

WW  Weight of wet membranes (g) 684 

Z  Height values of the surface sample (nm) 685 

Zavg  Average of the Z values of the sample (nm) 686 
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Zi  Z value currently measured (nm) 687 

ΔP  Transmembrane pressure (bar) 688 

Δt  Filtration time (h) 689 

 690 

Greek letters 691 

ε  Membrane porosity (%) 692 

ζ  Membrane thickness (m) 693 

μ  Dynamic water viscosity (Pa s) 694 

ρp  Density of the polymer (g cm-3) 695 

ρW  Density of pure water at operating conditions (g cm-3) 696 

 697 

Abbreviations 698 

AFM  Atomic force microscopy 699 

DMA  N,N-Dimethylacetamide 700 

EDX  Energy dispersive X-ray spectroscopy 701 

EWC  Equilibrium water content 702 

FTIR-ATR Fourier transform Infra-Red spectroscopy with attenuated total   703 

  reflectance 704 

HA  Humic acid 705 

HATR  High attenuated total reflectance 706 

HDPE  High-density polyethylene 707 

HIPS  Commercial high-impact polystyrene 708 

HIPS-R Post-consumer recycled high-impact polystyrene 709 

NIPS  Non-solvent induced phase separation 710 

NOM  Natural organic matter 711 



30 
 

PET  Polyethylene terephthalate 712 

PP  Polypropylene 713 

PVC  Polyvinyl chloride 714 

SEM  Scanning electron microscopy 715 

TGA  Thermogravimetric analysis 716 

UF  Ultrafiltration 717 



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

Sample Viscosity 
(cP) 

Sa  
(nm) 

HIPS 227.8 ± 2.8 4.11 ± 0.99 

HIPS-R 159.9 ± 2.2 5.37 ± 1.21 

 

Table 2. EDX results of HIPS and HIPS-R membranes. 
Sample Element 
 C O Cl Ti Si 

 wt% wt% wt% wt% wt% 
HIPS 98.79 ± 0.22 1.21 ± 0.21 --- --- --- --- --- --- 

HIPS-R 96.32 ± 0.25 3.24 ± 0.22 0.06 ± 0.02 0.33 ± 0.03 0.05 ± 0.02 

 

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

Sample rm 
(nm) 

K 
(L/m2·h·bar) 

HIPS 29.75 ± 1.88 171.21 ± 2.62 

HIPS-R 32.45 ± 1.12 180.62 ± 0.71 

 



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 º C. 
 

 

 

Fig. 2. SEM images of the cross-sections from HIPS (left) and HIPS-R (right) membranes.  



Fig. 3. FTIR-ATR spectra of the HIPS and HIPS-R membranes. 
 

 

 

 
Fig. 4. Three-dimensional AFM images of HIPS (left) and HIPS-R (right) membranes. 

 

 



Fig. 5. Thermogravimetric analysis of HIPS and HIPS-R membranes. 
 

 
Fig. 6. Porosity, equilibrium water content (EWC) and water contact angle measurements of HIPS and 

HIPS-R 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 ºC, 2 bar. 

 

 
Fig. 8. Time evolution of the FRR parameter of each HIPS and HIPS-R membrane during rinsing process 

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

filtration experiments of humic acid solution (50 mg/L, 25 ºC, 2 bar). 
 

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