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A B S T R A C T   

Microplastics are a topical environmental problem that requires urgent solutions. They are ubiquitously present 
in various wastewaters and are discharged into aquatic environments because of difficulties in their removal. In 
this study, a novel filtration medium, superhydrophobic geopolymer foam, was prepared and investigated for the 
separation of microplastics from water. The foam was prepared using metakaolin, sodium silicate, sodium hy-
droxide, hydrogen peroxide, and Triton X-100 surfactant as raw materials and superhydrophobized with a silane 
coupling agent, triethoxy(octyl)silane. The purpose of the superhydrophobization was to improve the attachment 
of hydrophobic microplastic particles to the foam surface via chemical interactions. The modified geopolymer 
foam exhibited a water contact angle of 152◦, and the presence of octyl chains on its surface was confirmed using 
Fourier transform infrared and X-ray photoelectron spectroscopies. When applied as a filter, the modified foam 
separated 53-63-µm sized polyethylene microspheres with ~99 % removal efficiency, and no change in its 
separation efficiency was observed for ~200 bed volumes of treated water. A comparison with an unmodified 
foam filter confirmed that the removal mechanism was not based on physical separation at higher flow rates, 
because the performance of the unmodified foam began to degrade after treating ~5 bed volumes of wastewater. 
The performance of the modified foam was also validated with laundry washing effluents (particle size of 
microplastics varied roughly within 2–2000 μm), achieving ~84 % separation efficiency for ~50 bed volumes of 
wastewater. This study provides proof of concept of using superhydrophobic geopolymers as efficient, easy-to- 
prepare, and potentially low-cost separation media for microplastics from water effluents.   

1. Introduction 

The global production of plastics was estimated to be 391 million 
metric tons in 2021 [1]. A significant fraction of this amount ends up in 
the aquatic environment, where weathering eventually degrades plastic 
items into microplastics (MPs, particles with a diameter between 1 μm 
and 5 mm) and subsequently nanoplastics (NPs, particles with a diam-
eter between 1 nm and 1 μm) [2]. Some important direct discharge 
sources of MPs/NPs include industrial and municipal wastewater and 
tire or bitumen wear [3–7]. It has been estimated that approximately 2.3 
million tons of plastic waste float in oceans [8]. 

Conventional wastewater treatment processes (such as coagulation 
and flocculation) can separate more than 90 % of the MPs in raw 
wastewater [9–11]. However, the amount of MPs in treated wastewater 

has been estimated to be on the order of 1011–1012 particles per day 
from a single wastewater treatment plant (WWTP) [12,13]. The esti-
mated MP/NP amounts are highly uncertain, especially when data from 
different measurements are combined [14]. The presence of MPs is 
ecotoxicologically alarming because most fish are contaminated by 
them in the areas affected by WWTPs [15,16]. MP ingestion can have 
several negative impacts on aquatic organisms, including a reduction in 
growth rate, difficulty in digestion, and intestinal abrasion [17]. MPs 
can also adsorb persistent organic pollutants, pathogenic microbes, and 
toxic metals on their surfaces, acting as carriers of these pollutants into 
aquatic organisms and releasing them into the digestive system [18]. 

To improve wastewater treatment for MP separation, various ap-
proaches are studied. For instance, conventional pressure-driven mem-
brane separation processes, such as microfiltration, ultrafiltration, or 
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nanofiltration, have been demonstrated to remove up to 100 % of MPs 
from water [19–21]. However, membrane filtration is unlikely to be a 
universal solution to MP pollution due to the commonly occurring issues 
of fouling and high costs [9]. MPs can also be separated by gravity- 
driven filtration, such as deep sand filters or multimedia filters using 
biochar, zeolite, or sand as the filtration media [22–26], where the unit 
cost of treated water can be ~60 % lower than that in microfiltration or 
ultrafiltration [27]. The separation of MPs by sand filtration is a simple 
and cost-effective method with efficiency between 74 % and 97 %. 
However, its effectiveness in separating small MP particles remains 
unclear [28]. Research has shown that biochar-based filtration methods 
have successfully separated over 95 % of MPs [22] but the regeneration 
or reuse of biochar used as filtration media is difficult [29]. Natural 
zeolites with an average size of 3 mm have been investigated as filter 
media for separating MPs; however, separation efficiency of less than 50 
% has been achieved [30]. The separation capability of zeolite particles 
was reported to improve by hydrophobizing their surface using hex-
adecylpyridinium bromide: this modification enabled the removal of 
granular polyethylene (PE, 10 μm in size) and fibrous polyamide (100 
μm in size) particles from water with efficiency exceeding 96 %, which is 
nearly twice as efficient as unmodified zeolite [30]. 

In this study, geopolymers (zeolite-like amorphous alkali-metal 
aluminosilicates [31]) are evaluated as novel materials for the separa-
tion of MPs for the first time. They are simpler to prepare and have 
potentially lower cost and environmental impacts than competing ma-
terials, such as synthetic zeolites or activated carbon [32–34]. Further-
more, unlike zeolites, geopolymers can be easily formulated to contain 
macropores (i.e., pore sizes > 0.05 μm), which is important for the 
efficient separation of NPs/MPs. The preparation of geopolymers typi-
cally occurs by mixing an aluminosilicate precursor (such as meta-
kaolin) with a solution of alkali metal silicate at (near) ambient 
temperature [35]. With the use of additives (such as foaming agents or 
surfactants) and advanced manufacturing methods, geopolymers can be 
easily prepared into membrane disks, granules, solid foams, or three- 
dimensional printed lattices with desired porosity [36–45]. 

However, geopolymer surfaces are hydrophilic, which is not optimal 
for the separation of hydrophobic NP/MP particles. One method for 
transforming geopolymers into (super)hydrophobic materials is the use 
of silane coupling agents (i.e., X-(CH2)n-Si-(OR)3, where X represents a 
functional group and OR denotes a hydrolyzable alkyl group) [46]. 
Successful modification of geopolymers with for example (3-amino-
propyl)triethoxysilane or [3-(2,3-Epoxypropoxy)-propyl]-trimethox-
ysilane has been reported [47–49]. Here, the surface silanol or aluminol 
(i.e., Si-OH or Al-OH) groups of the geopolymer react with the silane 
coupling agent and form an organic layer on the geopolymer surface 
[47]. Existing studies have mainly focused on construction material 
applications to obtain water-repellent properties and avoid efflores-
cence (i.e., the formation of carbonate salt deposits on the geopolymer 
surface) [47–49]. However, geopolymers modified with silane coupling 
agents have not been investigated for water treatment applications, 
which is an obvious research gap. 

In this study, we hypothesize that (super)hydrophobization of geo-
polymer foam would improve its interaction with hydrophobic MP 
particles, leading to the attachment of MPs on the geopolymer surface. 
Developing cost-effective and sustainable filtration media for MPs, 
especially of small particle size ranges (≤ 100 μm), would be an 
important step forward in the management of MPs in different waste-
water effluents. The objectives of this study are to (i) modify geopolymer 
foam with a silane coupling agent, triethoxy(octyl)silane, (ii) confirm 
the success of the modification with infrared spectroscopy, water con-
tact angle measurements, and X-ray photoelectron spectroscopy, and 
(iii) compare modified and unmodified foams at various flow rates to 
separate MPs from synthetic wastewater containing polyethylene mi-
crospheres (53–63 µm) and laundry effluent containing fibers (approx-
imately 2–2000 µm). The results demonstrate that the obtained 
superhydrophobic geopolymer is a potentially efficient, easy-to-prepare, 

and low-cost separation medium for MPs from water effluents. 

2. Materials and methods 

2.1. Chemicals and materials 

The raw materials for the geopolymer were metakaolin (MK, BASF, 
Germany, more details are available in Table S1), sodium silicate so-
lution (Merck, Germany, molar SiO2/Na2O ≈ 3.5, water content of ~65 
%), and NaOH pellets (VWR, Germany). H2O2 (VWR, Belgium, 30 %) 
and a Triton X-100 solution (VWR, France, 100 %) were used as a 
foaming agent and surfactant, respectively. CH3COOH (0.1 M) diluted 
from glacial acetic acid (100 %, Merck, Germany) was used to neutralize 
the residual alkalinity of the geopolymer before its modification. A 
triethoxy(octyl)silane solution (Merck, USA, 97 %) was used to modify 
the geopolymer surface. 

MP microspheres of PE (Cospheric, the USA, 53-63 µm) were used to 
prepare model wastewater. Furthermore, to obtain laundry washing 
effluent, three 100 % polyester blankets (Kotikulta, Tokmanni, Finland) 
were washed at 30 ◦C for 56 min in a washing machine (Electrolux 
PERFECTCARE 700) using detergent powder (OMO Sensitive, Unilever, 
Finland), and the rinsing effluent was collected. 

2.2. Preparation of geopolymer 

An alkali activator solution was prepared by mixing a sodium silicate 
solution with NaOH pellets in a weight ratio of 6.69:1.00 overnight to 
obtain a molar ratio of SiO2/Na2O ≈ 1.2. Geopolymer foam was pre-
pared according to a previous study [50] where the detailed of charac-
terization of morphology and pore size distribution of the foam is 
reported. In the preparation process, MK and the alkali activator solu-
tion were mixed in a weight ratio of 1.00:1.36 with a high shear mixer 
(IKA Eurostar 20) using 3,000 rpm mixing speed for 4 min. Then, H2O2 
(1.28 wt% of MK) and Triton X-100 (3.06 × 10− 4 wt% of MK) were 
added, and mixing was continued for an additional 2 min at 3000 rpm. 
The formed paste was cast in an acrylic plastic column mold (10.2 cm 
height and 4.3 cm inner diameter) closed from one end. The mold was 
then placed in a plastic bag and cured in an oven at 60 ◦C for 4 h. It was 
ensured that no MP contamination was released from the plastic column 
mold during the MP separation experiments by investigating water 
filtered through the foam using an optical microscope (Olympus DSX10- 
UZH) based on the color and shape of the particles. 

2.3. Geopolymer modification with silane coupling agent 

Two types of geopolymer samples were prepared for modification 
using a silane coupling agent: pieces with dimensions of 20 × 20 × 5 mm 
(m = 2.85 ± 0.10 g) and foam samples with dimensions of 10.2 cm 
height, 4.3 cm diameter, and volume of ~ 148 cm3 (m = 63 ± 2 g). The 
samples were neutralized with 2 L of acetic acid (0.1 M). To perform the 
modification using the silane coupling agent, the pieces were dipped in a 
97 % triethoxy(octyl)silane solution (20 mL) and left standing overnight 
(≈ 16 h) at 22 ◦C. The foam was modified by pumping 80 mL of the 97 % 
triethoxy(octyl)silane solution through it for 2 h at a flow rate of 10 mL/ 
min and leaving the foam saturated with the solution standing over-
night. After modification, 500 mL of ultrapure water was pumped 
through the foam. 

2.4. Characterization of modified geopolymer 

Hydrophobicity was assessed by measuring the contact angle of a 
water droplet on the geopolymer surface, both modified and unmodi-
fied, using a drop shape analyzer (DSA25, KRÜSS). A droplet volume of 
2 μL was used, and three measurements were taken to obtain an average 
value. 

Fourier transform infrared (FTIR) spectra were recorded for the 

M.A.H. Bhuyan et al.                                                                                                                                                                                                                          



Separation and Purification Technology 339 (2024) 126709

3

pulverized sample of modified and unmodified foam with a resolution of 
2 cm− 1 within the 450–4000 cm− 1 range using the Bruker VERTEX 80v 
instrument. 

X-ray photoelectron spectroscopy (XPS) was performed using a 
Thermo Fisher Scientific ESCALAB 250Xi XPS System. The modified 
foam sample was washed with ultrapure water and dried at 80 ◦C before 
analysis. The samples (pieces of foam) were annealed in vacuum at 
100 ◦C–200 ◦C for 2 h. Avantage software (Thermo Avantage, version 
5.9925) was used for data analysis and peak fitting. 

2.5. Particle size distribution 

The particle size distribution of MPs (PE) was measured using a 
Beckman Coulter 13320XR particle size analyzer via laser diffraction. 
The Fraunhofer model was used to interpret the data [51]. Isopropanol 
was used as the dispersion medium. The data were taken as an average 
of three measurements, and the particle size distribution graphs for MPs 
are shown in Fig. S1 (supplementary materials). 

2.6. MP separation experiments 

A stock solution of 1000 mg/L of PE (i.e., 13 million MP particles per 
L) was prepared in ultrapure water (Milli-Q Ultrapure Water System, 
Millipore). To disperse the MPs in water, 2–3 drops of detergent TK140 
(TEKNON, UK) were added and stirred continuously at 300 rpm. The 
detergent was added to reduce the surface tension of water to suspend 
MPs in water but the added amount of detergent did not render the MPs 
hydrophilic. The stock solution was diluted to 5 mg/L (i.e., 65,000 MP 
particles per L) of PE in ultrapure water and used in the experiment. The 
pH of the solution was ~7.0. The dimensions of the foams inside the 
filters employed in the separation experiments were 10.2 cm height, 4.3 
cm diameter that is volume of ~148 cm3 (mass of 63 ± 2 g). In the MP 
separation experiments involving the model solutions, the following 
factors were investigated: (1) comparison of unmodified and modified 
foam (flow rates of 3 and 5 mL/min) for the treatment of 450 mL of 
model water; (2) effect of flow rate using the modified foam (flow rates 
of 3–10 mL/min) for the treatment of 450 mL of model water; (3) per-
formance of modified geopolymer foam in the separation of MPs for the 

treatment of 30 L (~200 bed volumes) of model water. The duration of 
the longer experiment was 100 h. The empty bed contact time (EBCT) 
corresponding to flow rates 3, 5, 7, and 10 mL/min are approximately 
50, 30, 20, and 15 min, respectively. The EBCT was calculated from the 
ratio of the volume of empty bed and flow rate. Water collected from the 
foam column outlet was filtered through 0.45 μm cellulose acetate 
membranes (diameter of 47 mm, Merck), and the MP amount was 
quantified by imaging the whole filter paper area with an optical mi-
croscope (Nikon SMZ1500, Japan). To cover the imaging of whole filter 
paper, minimum 8 spots of the filter paper were imaged. For the quan-
tification of MP separation efficiency, an average of two separate 
filtration assays and measurements was used. 

In the experiment involving laundry wastewater, the wastewater was 
pumped through modified and unmodified foam at a flow rate of 5 mL/ 
min. Similarly, as with the model solutions, laundry wastewater was 
continuously stirred at 300 rpm during the experiment, and samples 
were collected from the outlet of the foam column. The experiment was 
conducted to treat ~7 L of laundry wastewater (i.e., ~48 bed volumes). 
The collected samples were filtered and quantified similarly as above 
using an Olympus DSX10-UZH microscope (Japan). The experimental 
setup for MP separation is schematically shown in Fig. 1. 

3. Results and discussion 

3.1. Confirmation of the modification of geopolymer with silane coupling 
agent 

3.1.1. FTIR 
The FTIR spectra of both the unmodified and modified geopolymer 

samples are shown in Fig. 2. Both spectra contained the typical features 
of a geopolymer structure: 3436 cm− 1 (stretching vibrations of surface 
OH groups), 1641 cm− 1 (bending vibrations of embedded H2O mole-
cules), 880 and 1390–1461 cm− 1 (stretching vibrations of carbonates), 
and 1000 cm− 1 (stretching vibrations of Si–O–Si or Al–O–Si bonds) 
[46,47,52,53]. In addition, the modified geopolymer contained features 
that were absent from the unmodified geopolymer: three absorption 
bands in the range of 2860–2965 cm− 1, which are associated with the 
C–H bond stretching in the –CH2 and –CH3 groups of the alkyl chain of 

Fig. 1. Schematic diagram of experimental setup for MP separation using silane coupling agent-modified geopolymer foam.  
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the silane coupling agent [54]. Thus, the FTIR analysis confirmed the 
successful introduction of carbon chains to the surface. 

3.1.2. Water contact angle 
To characterize the hydrophobicity of the modified and unmodified 

geopolymers, the contact angle of a water droplet on their surfaces was 
measured (Fig. 3). For the modified geopolymer surface, the average 
water contact angle was approximately 152◦, which is classified as 
superhydrophobic (i.e., the water contact angle ≥ 150◦). In contrast, the 
water contact angle of the unmodified geopolymer surface could not be 
recorded because the water droplet was immediately absorbed by the 
material, indicating a highly hydrophilic nature. Thus, also this result 
confirms the successful introduction of the hydrophobic alkyl chains of 
the silane coupling agent to the geopolymer surface. 

3.1.3. XPS 
The XPS spectra for the analysis of the composition and chemical 

state of the surfaces (1-10 nm) of the modified and unmodified geo-
polymers are shown in Fig. 4 (more detailed data are available in 
Table S2). The identification of the peak positions of C is crucial for 
confirming the successful introduction of alkyl chains to the surface. 
Comparing Fig. 4(a) and (b), the intensity of the C 1s peak in the 
modified geopolymer was greater than that in the unmodified geo-
polymer, suggesting an increased surface concentration of C after the 
modification. Two peaks were identified at higher binding energies in 

both the modified and unmodified geopolymers, which indicated the 
presence of C=O, C–O, and O–C=O in carbonates [55]. Their presence is 
likely related to the surface reacting with CO2 from the atmosphere. The 
peak at approximately 283.8 eV in the modified geopolymer can be 
associated with Si–C, whereas the peaks at approximately 284.8 and 
285.0 eV can be associated with C–H and C–C. The presence of these 
groups (especially Si-C) indicated a successful integration of alkyl chains 
from the silane coupling agent to the geopolymer surface [56,57]. Thus, 
the XPS results supported the FTIR results (Fig. 2). The presence of the 
Si–C group in the modified geopolymer was also observable from the Si 
2p spectrum at around 101 eV with a low intensity. The surface hydroxyl 
group (silanol group) and carbonate group could be identified in both 
the modified and unmodified geopolymers; however, the intensity of 
both has decreased after modification [46,58]. This decrease could be 
explained by the dehydration condensation reaction of the surface hy-
droxyl group with the ethoxy group from the silane coupling agent. 

When the surface silanol groups react with the silane coupling agent, 
they are converted into Si–O–Si and a new layer of Si–C is formed (see 
Fig. 5 for a schematic presentation of the reaction mechanism of the 
geopolymer surface reacting with the silane coupling agent). The surface 
concentration of carbon on the modified surface was 34.6 atomic-%, 
which was almost three times higher than that on the unmodified sur-
face. This result also indicated that alkyl groups were introduced to the 
surface. The surface concentrations of Si and O on the modified geo-
polymer surface were 15.6 and 41.0 atomic %, respectively, which were 

Fig. 2. FTIR spectra of modified and unmodified geopolymers.  
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0.9 and 15.7 %-units lower than those on the unmodified geopolymer 
surface. These changes also reflected the introduction of carbon chains 
to the surface (i.e., decreasing the proportion of Si and O). 

3.2. Separation of MPs using geopolymer foam 

3.2.1. Comparison of MP separation using modified and unmodified 
geopolymer foams 

The separation of PE, one of the most common MPs in aquatic en-
vironments and representing the size of MPs typically found in the 
effluent of WWTPs (i.e., 59-63 µm) [59], using the modified and un-
modified geopolymer foams was compared (Fig. 6). Both the modified 
and unmodified foams exhibited similar separation performance (>99 
%) at a flow rate of 3 mL/min, as shown in Fig. 6(a). Since both foams 
had a similar performance under these conditions, it is likely that there 
was also a physical separation mechanism for MP removal taking place 
(i.e., trapping of MPs inside the pores). The pore size distribution of the 
foams varied approximately within 25-1500 µm (as shown in Fig. 6d); 
thus, some of the PE microspheres (sizes 53-63 µm, Fig. 6c) could be 
removed via physical separation. 

However, when the flow rate was increased to 5 mL/min, there was a 
clear difference in the MP separation capability between the modified 
and unmodified foams, as shown in Fig. 6b. Here, the super-
hydrophobicity of the modified foam likely enhanced the attraction and 
subsequent retention of hydrophobic PE microspheres. A similar 
observation was reported earlier for MP removal by using super-
hydrophobic materials [60,61]. The separation capability of the modi-
fied foam remained at ~99 %, whereas the efficiency of the unmodified 

foam decreased to ~84 % during the experiment. This decrease could be 
explained by the hydrophilic nature of the unmodified foam, where 
high-flow rate water flushes away PE particles attached to the pores and 
there is less time for PE microspheres to be trapped inside the pore 
structure of the unmodified foam. This result also indicated that physical 
separation played only a minor role at higher flow rates, because the 
separation capacity of a physical filtration medium should increase over 
time because of the accumulation of MP particles in the foam, further 
decreasing the pore openings. Similar observations (i.e., a decrease in 
the separation efficiency with increasing flow rate), were made for hy-
drophobic zeolite filter media (modified with hexadecylpyridinium 
bromide) in the separation of spherical PE MPs [30]. 

The attraction between the PE particles and the modified foam sur-
face was also visually confirmed through a video recorded using an 
optical microscope (see the video files attached to this article). Here, no 
attachment of PE microspheres occurred on the unmodified surface, 
whereas a clear attraction was observed between the PE microspheres 
and the modified surface. Thus, the unmodified geopolymer foam could 
be useful only for the separation of MPs at low water flow rates, which is 
likely not feasible in most real-world wastewater treatment scenarios. 

3.2.2. Effect of flow rate on MP separation using modified geopolymer foam 
The PE microsphere separation efficiency of the modified geo-

polymer foam was investigated at different flow rates (3–10 mL/min), 
resulting in contact times representative of the practical requirement for 
a filter [24,25]. The results are shown in Fig. 7. As the flow rate 
increased to 10 mL/min, separation efficiency decreased by ~4.5 
%-units. The decreased separation efficiency was likely caused by the 

Fig. 3. Comparison of water contact angle on modified and unmodified geopolymer surfaces.  
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higher shear stress of water as the flow rate increased, which partially 
overcame the attraction between the hydrophobic surface and the PE 
microspheres. These findings were consistent with those of previous 
research, which has demonstrated the successful removal of PE particles 
using hydrophobic zeolites for the treatment of 500 mL of model water 

with an initial number of particles 1 × 106 per L and a flow rate of 3-7 
mL/min [30]. Even at decreased efficiency of 95.5 % (i.e., when oper-
ated at a flow rate of 10 mL/min), the modified geopolymer foam could 
still steadily separate approximately 62,000 MP particles per L of water. 
The estimated number of MPs in wastewater may vary between 1 and 

Fig. 4. (a) C 1s spectra of unmodified geopolymer; (b) C 1s spectra of modified geopolymer, (c) O 1s spectra of unmodified geopolymer; (d) O 1s spectra of modified 
geopolymer; (e) Si 2p spectra of unmodified geopolymer; (f) Si 2p spectra of modified geopolymer. 
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Fig. 5. Schematic presentation of the reaction mechanism of geopolymer surface with triethoxy(octyl) silane: (a) hydrolysis, (b) polymerization, and (c) reaction 
with the surface hydroxyl groups of geopolymer. 

Fig. 6. Comparison of PE microsphere (59-63 µm) separation efficiency of modified and unmodified geopolymer foams at different flow rates. (a) 3 mL/min (EBCT ≈
50 min), and (b) 5 mL/min (EBCT ≈ 30 min). During the experiment, 450 mL of water containing 5 mg/L of PE microspheres was treated. The appearance of (c) PE 
microspheres and (d) geopolymer foam was imaged using an optical microscope. 
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10,000 per L depending on the location [15,20]. Considering this range, 
the modified geopolymer foam exhibited a remarkable separation per-
formance. A flow rate of 5 mL/min (EBCT ≈ 30 min) was selected for 
further experiments. 

3.2.3. Long-term MP separation experiment 
The performance of a filtration medium in the long-term impacts its 

cost-efficiency, sustainability, and adoption by the industry. The sepa-
ration performance of PE microspheres using the modified geopolymer 
foam was investigated with 30 L (or ~200 bed volumes) of model water 

spiked with MPs (5 mg/L with approximately 1.95 million MPs) at a flow 
rate of 5 mL/min (Fig. 8). Similarly, as shown in Fig. 7, the separation 
efficiency initially decreased and then gradually increased, which may 
indicate a built-up of a filter cake consisting of the separated PE parti-
cles. At the end of the experiment (i.e., after the treatment of ~200 bed 
volumes of water), the separation performance remained above 99 % 
and ~1.9 million PE microspheres were separated, demonstrating 
excellent efficiency compared with that of existing MP separation 
methods based on sand and hydrophobic zeolite-based filtration 
methods [30,62]. Notably, no pressure drop after the filter (i.e., the need 

Fig. 7. Effect of different flow rates on PE microsphere (59-63 µm) separation efficiency using modified geopolymer foam.  

Fig. 8. PE microsphere (59-63 µm) separation efficiency of modified geopolymer foam over extended time.  
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to increase the speed of the pump to maintain a constant flowrate) was 
observed during the long-term experiment, which also indicated that the 
main mechanism of MP removal was not likely a physical separation. 
Moreover, it indicated that there was no blocking of the pores after the 
separation of MP particles for long-term. During this long-term experi-
ment, no physical change of the modified foam (i.e., mechanical disin-
tegration) was observed which confirms the practical durability of the 
foam in this application. 

3.2.4. Separation of MPs from laundry wastewater 
Washing synthetic clothes generates a large number of MPs (typically 

in the form of fibers). More than 0.7 million MP particles can be released 
from a typical wash of 6 kg of clothes [63] even though washing con-
ditions, such as the use of softeners, can reduce the release of fibers [64]. 
The separation efficiency of the modified and unmodified foams was 
compared for the treatment of 48 bed volumes of laundry wastewater 
containing ~9000 MPs per L with a size ranging from approximately 2 
µm to 2 mm (Fig. 9a). Similar to the model solutions containing PE 
microspheres, a clear difference between the modified and unmodified 
foams was observed. After the treatment of 48 bed volumes of laundry 

wastewater, the separation efficiency of the modified foam was 84 %, 
whereas the separation efficiency of the unmodified foam decreased to 
52 %. This difference was again likely due to the enhanced interaction 
between MPs (fibers) and the superhydrophobic geopolymer surface. 
The largest MP size found in the untreated laundry wastewater was ~2 
mm, whereas the largest MP sizes found in the treated water were ~550 
μm and ~76 μm when using the unmodified and modified geopolymer 
foams, respectively. This result indicated that surface modification 
enabled the separation of smaller particles or fibers compared with the 
unmodified foam. Larger MPs (≥ 550 μm) were captured by both foam 
materials. The microscope images of the fiber particles on the modified 
geopolymer foam surface are shown in Fig. 9b. Larger MPs were retained 
in the pores of the geopolymer foam whereas the smaller fibers were 
trapped to the material surface without clear localization to the pores. 

3.3. Mechanism of MP separation by geopolymer foam 

The proposed mechanism involved in the separation of MPs by 
modified and unmodified foam can be seen in Fig. 10. By treating the 
geopolymer foam with a silane coupling agent, its surface changes from 

Fig. 9. (a) Comparison of MP (fiber) separation from laundry wastewater using modified and unmodified geopolymer foams at flow rate of 5 mL/min. (b) Separated 
fiber on the modified geopolymer foam surface as imaged with optical microscope. 
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hydrophilic to hydrophobic as depicted in Fig. 3. This modification al-
lows for a hydrophobic-hydrophobic interaction between the MPs and 
the modified foam. Conversely, the hydrophilic nature of unmodified 
geopolymer foam results in repulsion towards hydrophobic MPs. 
Furthermore, both modified and unmodified foams employ physical 
separation mechanisms such as trapping within their pores [22,30]. 

3.4. Comparison of this study with the literature 

The separation of MPs using silane coupling agent-modified geo-
polymer foam was compared with other materials and methods reported 
in the literature (Table 1). The separation efficiency obtained in this 
study is higher or comparable to that of existing methods and materials, 
which indicates the feasibility of using superhydrophobic geopolymer 
foam in the separation of MPs from water. However, this comparison 
with other studies is not straightforward because the experimental 
conditions and parameters (e.g., amount and size of MPs, design of the 
experimental setup, and type of water being studied) affect the results. 

4. Conclusions 

In this study, geopolymer foam modified with triethoxy(octyl)silane 
was investigated for the separation of MPs from water. The investigated 
MPs were representative of particles typically found in effluents from 
WWTPs in terms of their sizes (< 300 µm). The modified geopolymer 
was superhydrophobic (water contact angle ≈ 152◦) and had alkyl 
groups on its surface, as confirmed by water contact angle measure-
ments, XPS, and FTIR analyses. It was observed that both the modified 
and unmodified foams were effective in physically separating MPs (PE, 
53–63 μm) from water at low flow rates (3 mL/min). However, when the 
flow rate was increased to ≥ 5 mL/min, the enhanced interaction be-
tween the superhydrophobic foam and hydrophobic MP particles caused 
the modified foam to clearly outperform the unmodified foam. It was 
verified that ~200 bed volumes of water could be treated with more 
than 99 % MP separation capacity. Moreover, the modified foam was 
effective in the separation of MPs (microfibers) from laundry waste-
water. The size of MPs observed in laundry wastewater ranged between 
2 μm and 2 mm. After the treatment of 48 bed volumes of laundry 
wastewater, the separation efficiency of the unmodified and modified 

Fig. 10. Separation mechanism of MPs using modified and unmodified geopolymer foam.  

Table 1 
Comparison of MP separation or removal using different materials and filtration methods.  

Separation or removal 
method 

Materials Size of MPs 
[µm] 

Type of water Initial 
concentration 
(MPs/L) 

Removal 
efficiency 
(%) 

Reference 

Column filtration Sand, biochar 10 Model water 1.6 × 108 > 95 [22] 
Rapid sand filtration Sand, gravel 20–100 Secondary 

wastewater 
0.7 97 [62] 

Rapid sand filtration Silica Sand > 200 Model water 256–588 85–97 [26] 
Rapid sand filtration Sand > 200 Municipal 

wastewater 
1.08 75 [65] 

Dissolved air flotation N/A 20–100 Secondary 
wastewater 

2 95 [62] 

Membrane bioreactor Ultrafiltration membrane 20–100 Primary wastewater 6.9 100 [62] 
Filtration Surfactant-modified zeolite 10 and 100 Model water 1.0 × 106 > 96 [30] 
Filtration Surfactant-modified zeolite 5–100 Municipal 468–546 > 96 [30] 
Filtration Geopolymer foam modified with silane 

coupling agent 
53–63 Model water 6.5 × 104 > 97 current 

study 
Filtration Geopolymer foam modified with silane 

coupling agent 
2–2000 Laundry 

wastewater 
9000 > 84 current 

study  
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geopolymer foams was 52 % and 84 %, respectively. The modified 
geopolymer foam was more effective in the separation of smaller MPs 
than the unmodified geopolymer foam without silane coupling agent 
modification. The largest MPs in the treated water were ~550 μm and 
~76 μm when using the unmodified and modified geopolymer foams, 
respectively. This result indicates that surface modification enables the 
effective separation of smaller MPs compared with the unmodified foam. 

MPs in aquatic environments, such as lakes or oceans, can be intro-
duced from municipal and industrial wastewater. Separation of MPs at 
their sources, i.e., industrial or municipal WWTPs, before their migra-
tion to the aquatic environment can prevent or reduce MP pollution. 
Based on the preliminary results of this study, geopolymer foam modi-
fied with a silane coupling agent could be used as a component of ter-
tiary wastewater treatment or other at-source separation. Modified 
geopolymer materials, for example, in granular form could be used in a 
multimedia filter instead of sand, or small foam filters could be installed, 
for example, at the outlet of laundry washing machines. After saturation 
with MPs, the geopolymer foam can be disposed via incineration or 
could be regenerated by thermal treatment, microbial/enzymatic 
degradation of MPs, or backwashing with water or other suitable sol-
vents [66,67]. However, this needs to be investigated in the future. 
Geopolymer foams can retain their integrity after thermal regeneration, 
as reported in earlier studies [36,39]. After thermal regeneration, foams 
could be potentially reused by reapplying silane coupling agent modi-
fication. After its lifetime, the geopolymer materials could be recycled 
by pulverizing and potentially using again as a raw material for alkali 
activation. Furthermore, the future research topics include studying 
smaller MPs than the size of 53–63 μm, determining the maximum MP 
separation capacity of the modified geopolymer foam filter until its 
complete saturation, and optimization of pore size and porosity of the 
foam by varying amount of foaming agent (i.e., changes in pore size and 
porosity can improve the performance of the foam in the wastewater 
treatment [68]). 
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