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Abstract 

Alkali-activated (or geopolymer) membranes have emerged recently as an alternative for conventional 

ceramic membranes. Their main benefit is the simple and low-energy manufacturing not requiring 

sintering, and thus potential for clearly lower costs, while having largely similar performance as 

conventional ceramic materials. In this work, metakaolin, blast furnace slag, and their mixture 

(representing typical low, high, and medium Ca-content raw materials, respectively) were compared as 

aluminosilicate precursors for the preparation of self-supporting membrane disks (diameter 75 mm, height 

3 mm). A thorough material characterization was performed to evaluate mechanical strength, shrinkage, 

microstructure, chemical composition, pore size distribution, specific surface area, zeta potential, and 

water flux at different temperatures (20–60 °C) and pressures (200–1000 kPa). Based on this screening, 

metakaolin-based membrane (i.e., the low-calcium system) indicated overall better performance than the 

two others based on blast furnace slag or their mixture. As a final part of the study, ammonium-containing 

model effluent ([NH4
+] = 50 mg L-1) was distributed through the membrane (using 200 kPa pressure at 25 °C) 

to evaluate the potential for nitrogen removal and recovery. The mass balance examination indicated that 

ammonium was retained in the membrane matrix (i.e., not concentrated in the retentate fraction), and 

thus the likely removal mechanism was via ion-exchange. The obtained results provide interesting insights 
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for the further development of alkali-activated membranes for applications requiring ammonium nitrogen 

removal, such as membrane bioreactors in municipal wastewater treatment. 

 

Keywords: alkali-activated materials, ceramic membrane, geopolymers, ion-exchange, membrane separation 

 

1. Introduction 

Membrane separation processes are used extensively in water and wastewater treatment as well as in 

other industries (Strathmann, 2011). The most common membrane processes utilize pressure as the driving 

force and they are conventionally classified, in the order of the increasing separation capacity, as micro-, 

ultra-, nanofiltration, and reverse osmosis (Pendergast and Hoek, 2011). The membrane material market is 

dominated by organic polymers (e.g., poly(ether sulfone), poly(vinylidene fluoride), polyethylene, 

polypropylene, polytetrafluorethylene, and polyacrylonitrile), which can be, however, easily damaged by 

fouling or exposure to high temperatures, extreme pH, or solvents, and thus leading to shortened service 

life (Asif and Zhang, 2021; Le and Nunes, 2016). 

Ceramic membranes are alternatives for polymeric materials as they provide improvements for thermal 

stability, chemical resistance, mechanical strength, and membrane flux (Scott, 1995). They are especially 

suitable for wastewater treatment involving harsh conditions, such as in the case of oil and water 

separation, or for certain hybrid processes (e.g., membrane bioreactors) (Alresheedi et al., 2019; Asif and 

Zhang, 2021; Murić et al., 2014). The ceramic membranes can be either supported (i.e., contain a highly 

permeable support, intermediate, and selective layers) or self-supporting (i.e., only the selective layer) (Asif 

and Zhang, 2021). The purpose of the support and intermediate layers (e.g., steel or alumina with a 

thickness of few mm) is to overcome the brittleness of the ceramic material while the selective layer (e.g., 

metal oxides) is responsible of the separation (Garmash et al., 1995; Komolikov and Blaginina, 2002). The 

manufacturing of ceramic membranes involves solid powder preparation, consolidation, suspension 
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formation, dispersion of particles in liquid, pressing, calcination, and sintering at temperatures frequently 

more than 1500 °C (Qiu et al., 2017; Sadiq et al., 2021). Additionally, many raw materials for ceramics, such 

as zirconia, mullite, or titanium dioxide are also relatively expensive. Consequently, ceramic membranes 

have high capital expenses arising from the material costs, which can be ~10 times higher in comparison to 

polymeric materials (Guerra and Pellegrino, 2013). This has prevented their yet more widespread use. 

Alkali-activated materials (AAMs) are ceramic-like materials resulting from a reaction between solid 

aluminosilicate precursor and alkali-activator solution. Instead of sintering at high temperature as with 

conventional ceramics, AAMs are chemically bonded via (partial) dissolution, polycondensation, hydrous 

gel formation, and final consolidation at (near) ambient temperature (< 100 °C) and pressure (Kinnunen et 

al., 2018). Nevertheless, they share many beneficial properties with ceramics such as good chemical, 

thermal, and mechanical stability, which can be tailored with the mix design selection (Gordon et al., 2011; 

Karahan and Yakupoğlu, 2011; Sturm et al., 2018). They are also hydrophilic with water contact angles of 0–

36° (Duan et al., 2016b, 2016a; Mašek and Diblikova, 2018; Siyal et al., 2021), which is beneficial for low 

fouling propensity in the membrane applications (Le and Nunes, 2016). Consequently, AAMs have been 

studied as ceramic-like membranes (both self-supporting and supported) for the removal suspended solids 

from water (Xu et al., 2019, 2015), oil/water separation (He et al., 2021; Mohammadi and Mohammadi, 

2017), methylene blue removal (Daud et al., 2021), Cr(III) removal (Chen et al., 2020), Ni(II) removal (Ge et 

al., 2015), and pervaporation of water/ethanol (Subaer et al., 2020). Based on the applied pressures in the 

above-listed studies, AAM-based membranes fall into the micro- or ultrafiltration categories. Their 

separation capacity for dissolved species, such Cr(III) and Ni(II), is likely based on adsorption instead of 

physical separation. The preparation of alkali-activated membranes follows a simple procedure consisting 

of mixing of aluminosilicate precursor and aqueous alkali-activator solution, casting, and curing at 20–80 °C 

(Chen et al., 2020; Daud et al., 2021; Ge et al., 2015; Mohammadi and Mohammadi, 2017; Xu et al., 2019, 

2015; Zhang et al., 2021). Consequently, the material costs of an alkali-activated membrane in one recent 

case example (fly ash activated with sodium silicate and hydroxide with a hydrogen peroxide addition) was 
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estimated to be ~2 $ per m2 while a comparable alumina-based ceramic membrane cost ~120 $ per m2 

(Sadiq et al., 2021). 

The present manuscript compares the properties and performance of alkali-activated membranes obtained 

from low-, medium-, and high-calcium mix designs. In the case of low-calcium materials (i.e., those referred 

to as geopolymers (Provis, 2014)), the obtained nanostructure consists of an aluminosilicate network with 

exchangeable alkali-metal cations balancing the negative charges of the tetrahedral AlO4 sites (Lecomte et 

al., 2006; Skorina, 2014). When calcium is introduced to the mix design, it will act as an aluminosilicate 

network-modifying cation leading to the increased formation of non-bridging oxygens, and thus cross-

linked aluminosilicate chains instead of networks (Lecomte et al., 2006; Sreenivasan et al., 2020). The 

dominating chemical bond providing the structural integrity also changes from ionic/covalent to the weaker 

van der Waals interaction when the calcium content increases (Kinnunen et al., 2018). In fact, in terms of 

the dominant chemical bonds, the low-calcium systems resemble high-temperature ceramics (Kinnunen et 

al., 2018). Therefore, the chemical structures and resulting properties with low- to high-calcium systems 

are fundamentally different. Both kinds of mix designs have been employed in the alkali-activated 

membrane studies mentioned above. However, a systematic comparison of their properties in the context 

of membrane separation application has not been performed, and thus represents a knowledge gap. In this 

work, the main objectives were to (i) compare the physical, chemical, and mechanical properties of low-, 

medium-, and high-Ca content alkali-activated membranes and (ii) perform ammonium-nitrogen separation 

experiments with the best-performing membrane material at optimized conditions.  

 

2. Materials and methods 

2.1. Preparation of alkali-activated membranes 

The aluminosilicate precursors for alkali-activated membranes were metakaolin (Metamax, BASF) and 

ground-granulated blast furnace slag (KJ400, Finnsementti). Their compositions as oxides are shown in 
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Table S1 (supporting information, SI). Alkali-activator solution was prepared by mixing NaOH pellets (≥ 98 

weight-%, VWR Chemicals) and sodium silicate solution (7.5–8.5 weight-% Na₂O and 25.5–28.5 % SiO₂, 

Supelco) in a weight ratio of 1.00 : 6.67 for 24 h with a magnetic stirrer. Three different mix designs were 

selected to represent the typically used compositions for low, medium, and high calcium-content AAMs 

(Bernal et al., 2014; Provis et al., 2014; Provis and Bernal, 2014) and they contained metakaolin, mixture of 

metakaolin and blast furnace slag (BFS), and only BFS as precursors, respectively. Deionized water was used 

with medium- and high-calcium-content mix designs to improve workability (without water, the mixture 

was too dry for casting). The mix designs are shown in Table 1. 

 

Table 1. Mix designs (as weight ratios) employed for the preparation of membrane materials. 

 Low-calcium mix 
design 

Medium-calcium mix 
design 

High-calcium mix 
design 

Alkali activator solution 1.36 1.77 0.23 

Metakaolin 1.00 1.00 - 

Blast furnace slag - 1.75 1.00 

Deionized water - 0.20 0.11 

 

The preparation procedure of the membranes is shown in Fig. 1. The precursor and alkali-activator were 

first pre-mixed manually with a steel spatula followed by 5 min mixing (3000 rpm) with an IKA Eurostar 20 

overhead stirrer. Paste was cast into steel molds (Ø = 75 mm) coated with a small amount of mold oil 

(Sem®Form Basic, Semtu Oy) and degassed using vibration. Molds were placed in a plastic bag, allowed to 

harden 24 h at room temperature (~22 °C), and demolded. The membranes were polished using P60, P120, 

and P240 grade abrasive papers until a thickness of 3 mm was reached (Fig. 2).  

 

Jo
urn

al 
Pre-

pro
of



6 

 

 

Fig. 1. Preparation of the alkali-activated membranes: 1) precursors and alkali-activator; 2) pre-mixing of 

the raw materials manually using a steel spatula; 3) mixing raw materials with a high shear mixer (3000 rpm 

for 5 min); 4) fresh-state paste; 5) casting of paste in steel molds (Ø = 75 mm); 6) degassing by vibration; 7) 

degassed paste; 8) molds were placed in a plastic bag and allowed to harden at room temperature for 24 h; 

9) demolded sample. 

 

 

Fig. 2. Examples of the appearance of the alkali-activated membranes after polishing (diameter 75 mm, 

thickness 3 mm). On the left, the low-calcium mix design and on the right, the medium-calcium mix design. 
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2.2. Material characterization  

2.2.1. Mechanical strength 

 

Mechanical strength of the membrane materials was evaluated in terms of compressive strength. Three 

prismatic beams (20 × 20 × 80 mm3) were prepared from each mix design as described above, demolded 

after 24 h, and stored in air-tight plastic bags for 28 days before measurements. The analysis was 

performed with a Zwick/Roell Z100 universal testing machine. Compressive strength (σ [MPa]) was 

determined from the halved prisms by placing a steel plate with dimensions of 20 × 20 mm2 on the sample 

and force [N] was applied until break with a loading rate of 2.4 kN s-1. The required force was divided with 

the surface area under stress (400 mm2) to obtain compressive strength. 

 

2.2.2. Shrinkage 

 

The shrinkage and mass change of the alkali-activated membranes was analysed from prismatic beams with 

a size of 40 × 40 × 160 mm3. The samples were cured at room temperature for 24 h, demoulded, and stored 

at ambient conditions or in air-tight plastic bags (in both cases, temperature of 21–22 °C). The change in the 

length was evaluated using a length comparator apparatus together with a measurement of a mass change 

daily for the first week after demoulding, and then every other day until 28 d age. 

 

2.2.3. Microstructure and composition 

 

The microstructural morphology and composition of samples were determined with a field emission 

scanning electron microscope equipped with an energy-dispersive X-ray spectroscope (FE-SEM-EDS, Zeiss 
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Ultra Plus). Small fragments (approx. 10 × 10 mm2) of the polished membrane samples were coated with 

carbon for the analysis. 

The mineralogy of the membranes was examined with X-ray diffraction (XRD) using Rigaku SmartLab 9 kW. 

Samples were ground to fine powder before the analysis using a Retsch vibratory disk mill, RS 200 (milling 

time of 60 s at speed of 1500 rpm) equipped with a hardened steel grinding set. 

 

2.2.4. Surface properties 

 

The specific surface area and nanoscale pore size and volume distributions were determined by N2 

adsorption and desorption, respectively, at temperature of -196 °C, by fitting the data with Brunauer-

Emmett-Teller (BET) isotherm and Barrett-Joyner-Halenda (BJH) method, respectively. The analyses were 

performed with a Micromeritics ASAP 2020 instrument. For the analysis, samples were ground to fine 

powder and degassed at 70 °C before porosity measurements. The purpose of degassing was to remove 

any adsorbed species, such as water, from the samples. 

Membrane surface charge was assessed by a zeta potential determination. For the measurement, alkali-

activated membrane materials were powdered (particle size ~10 µm), neutralized by rinsing with 0.1 M 

acetic acid and deionized water on until a neutral pH was reached, and solutions containing 0.1 weight-% of 

powder in deionized water were prepared. The zeta potential measurements were conducted using a 

Malvern Zetasizer instrument.  

 

2.3. Membrane filtration experiments 
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All filtration experiments were performed with a laboratory scale membrane unit CM-CELFA P-28, which 

consists of a membrane cell using a flat sheet membrane (Ø = 75mm), feed tank with temperature control, 

pump, pressure indicators, and pressure control and discharge valves for permeate and retentate. 

The pore solution of the alkali-activated membranes was neutralized by pumping 0.1 M acetic acid solution 

(Supelco) through the membrane, followed by deionized water using 200 kPa feed pressure. The pH of the 

permeated deionized water was measured with a Hach HQ10d meter and IntelliCal pH electrode. The acetic 

acid and deionized water pumping were repeated sequentially until the pH of the permeated deionized 

water reached 7.0–8.5.  

Water permeation of the alkali-activated membranes was determined by filtrating deionized water at 

temperatures 20–60 °C using constant pressure of 200 kPa and at pressures 200–1000 kPa using constant 

temperature of 20 °C. The volume (V [L]) of the water permeating through the membrane area (A [m2]) 

during the sampling time (t [h]) was collected and measured, and the flux (J [L m-2 h-1]) was calculated as 

according to the equation 1. 

𝐽 =
𝑉

𝐴 × 𝑡
      (1) 

Ammonium ion separation experiments were conducted by pumping ammonium chloride solution ([NH4
+] = 

50 mg L-1, Sigma Aldrich) through the alkali-activated membranes using 25 °C and 200 kPa as feed 

temperature and pressure, respectively. Permeate and retentate samples were collected during operation. 

Ammonium concentration was determined with a Hach HQ4100 meter and IntelliCal ISENH418101 

ammonium-selective electrode with a measurement range from 0.018 to 9000 mg L-1 as NH4
+. The collected 

water samples were diluted with deionized water to obtain 25 mL volume required for the analysis. Before 

measurement, one ionic strength adjustor pillow (Hach) was added to each sample and the pH of the 

sample was confirmed to be below 8.5.  
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3. Results and discussion 

 

3.1.  Characterization of the membrane materials 

 

The membranes prepared using the high-calcium mix design (Table 1) became very brittle after the pH 

neutralization treatment, and consequently, they are omitted from the result presentation and discussion 

below. A possible reason for the lower stability of the high-calcium system lies in its chemical structure, 

consisting of aluminosilicate chains instead of a network as discussed in the introduction section. However, 

Mohammadi and Mohammadi (2017) were able to prepare a stable membrane based on 100 % BFS as a 

precursor but they utilized pressing at 400 bar for 8 h (at 24 °C) which likely increased the extent of the 

alkali-activation reaction leading to more stable nanostructure. 

The compressive strength of the low- and medium-Ca membranes (Table 2) are closely similar to the mix 

designs reported in the literature for pastes made of metakaolin or metakaolin and blast furnace slag 

(Burciaga-Díaz et al., 2013). In comparison to the earlier self-supporting alkali-activated membranes, Xu et 

al. (Xu et al., 2015) reported that the compressive strength of metakaolin-based material varied from 10 to 

50 MPa when the H2O/Na2O molar ratio of the mix design was changed from 19 to 14, respectively. This 

trend is due to the dilution of the alkali activator as the H2O/Na2O increases, which causes decreased 

dissolution of the aluminosilicate precursor and a lower degree of reaction. Furthermore, the excess water 

acts as a pore forming agent and when present in the hardened paste, causes shrinkage and crack 

formation. Pore formed by extra water may also create strain in the material due to capillary action. In the 

present study, the H2O/Na2O ratios were 11 and 21 for low- and medium-Ca mixes, respectively. The 

difference in the water demand was due to the particle shapes and sizes of the precursors.  When 

comparing the compressive strength values to self-supporting conventional ceramic membranes, they are 

in the range of 78–90 MPa when using for example alumina or halloysite as the raw material, but values are 
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strongly dependent of the porosity (Yang and Tsai, 2008; Yoleva et al., 2020). Nevertheless, the observed 

compressive strengths indicate that the developed materials can easily withstand the hydrostatic pressures 

used in pressure-driven membrane filtration, which are typically up to ~10 MPa (Strathmann, 2011).  

Specific surface areas for the AAM membranes before their use in the experiments (Table 2) is in the typical 

range reported earlier (i.e., tens of m2 g-1) (Bortnovsky et al., 2008; Heponiemi et al., 2021; Luukkonen et 

al., 2020, 2016; Wang et al., 2007). However, it has been observed that the surface area of AAMs improves 

upon successive exposure to water and ion-exchange or by using a higher radius alkali cation in the 

synthesis (i.e., for example K silicate instead of Na silicate): in those cases, specific surface area can reach 

values of 100–300 m2 g-1 (Melar et al., 2015; Skorina, 2014). The specific surface areas of the selective 

layers of conventional ceramic membranes can be > 600 m2 g-1 (Ji et al., 2022) but they tend to decrease 

upon increasing the sintering temperature (e.g., a SiOC/SiC membrane had specific surface area of tens of 

m2/g when sintered at 800–1000 °C) (Fontão et al., 2022). The cumulative pore volume (Fig. 3) indicates a 

higher value for low-Ca membranes, especially in the lower end of mesopore range (2–50 nm). One 

possible reason for the lower cumulative pore volume with medium-Ca membrane could be the formation 

of CaCO3 crystals on the surface as discussed below. The zeta potential of the membranes at pH 7 is 

negative and rather similar indicating that both membrane surfaces have affinity for positively charged 

particulates and cations. 

 

Table 2. Mechanical and surface properties of the alkali-activated membrane materials as-prepared. 

 Low-calcium mix design Medium-calcium mix design 

Compressive strength [MPa] 60.7 ± 4.1 78.3 + 11 

Specific surface area [m2 g-1] 40.7 58.5 

Average pore size [nm] 12.1 5.27 

Cumulative pore volume (1.7–300 nm) [cm3 g-1] 0.147 0.0930 

Micropore surface area [nm] 3.74 N/A 
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Micropore volume [cm3 g-1] 0.0018 N/A 

Zeta potential (at pH 7) [mV] -48.5 ± 0.4 -42.1 ± 0.5 

N/A = value was below the detection limit. 

 

 

Fig. 3. The cumulative pore volumes for low- and medium-Ca membranes.  

 

The membrane surfaces were imaged with optical and scanning electron microscopy (Fig. 4). The low-Ca 

membrane surface (Fig. 4A) had clear traces of abrasion caused by the sample polishing, while the surface 

of medium-Ca membrane appeared essentially abrasion-free (Fig. 4B). Thus, the abrasion resistance 

improved upon the introduction of BFS to the mix design. Both low- and medium-Ca membranes had air 

bubbles present in their structures (Fig. 4A and B) and microscopy observations indicated that the air 

bubbles present in low-Ca membrane were typically larger, which could be due to the higher viscosity of 

the fresh-state alkali-activated metakaolin-paste in comparison to BFS-metakaolin mixture. Higher viscosity 

makes it more difficult to de-gas the paste by vibration. The connection between the surface defects, such 

as abrasion traces or air bubbles, and the membrane performance is two-fold. Rougher membrane surface 
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with voids and gaps increases the surface area available for mass transfer, which indicates better 

membrane performance. However, rough membrane surface area is a major contributor to membrane 

fouling, as foulants and particles can accumulate to the ridges and valleys of the surface. The decline in flux 

is typically steeper for rougher membranes (Kumar and Ismail, 2015). Both low- and medium-Ca 

membranes had microcracks visible in their SEM micrographs (Fig. S1, SI), likely due to the drying shrinkage 

(discussed in more detail below). The surface of medium-Ca membrane was covered by well-developed 

crystals, which were identified as CaCO3 by the EDS point analysis (Fig. S2 and Table S3, SI). The formation 

of these crystals makes the surface yet more rough on a µm-scale and may thus increase the risk for 

fouling. The formation of CaCO3 or Na2CO3 precipitates on medium- or high-Ca AAMs is frequently reported 

due to the carbonation and migration of free Na+ or Ca2+ cations to the surface (Tang et al., 2021). In terms 

of the crystalline phases, XRD analysis (Fig. S3, SI) revealed only the presence of TiO2 in both low- and 

medium-Ca membranes (in addition to CaCO3 in the medium-Ca membrane): otherwise, the samples 

consisted of X-ray amorphous phases as is typical for AAMs. TiO2 is likely an impurity present in the 

precursors (MK and BFS) and due to its low amount, it has minor role for the application as membrane. 
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Fig. 4. Optical microscopy images of the (A) low- and (B) medium-Ca membranes and SEM micrographs of 

(C) low- and (D) medium-Ca membranes. 

 

Shrinkage and change in mass of the samples was measured up to 30 days in two conditions: membrane 

sealed in a plastic bag or exposed ambient conditions. For all samples, the shrinkage stabilized to values 

between 0.2–0.3 % (Fig. S4, SI). As mentioned above, some microcracks appeared (Fig. S1), which were, 

however, less severe on the sealed samples. Thus, as a practical note, it might be recommendable to store 

alkali-activated membranes in moist condition after curing to protect from water evaporation. Another 

method to control the shrinkage could be introduction fillers or fibres to the fresh-state paste during 

preparation (Mastali et al., 2018). The mass loss measured together with the shrinkage was less than 2 % 

for the samples stored in sealed plastic bags, while the low-Ca and medium-Ca samples lost total ~10 and 

~15 % of their mass. The loss of mass is due to the free or weakly bound water evaporating from the 
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samples. The observation that the mass loss was not correlated to the shrinkage indicates that the 

shrinkage mechanism also includes contribution from autogenous shrinkage (i.e., consumption of water to 

form new mineral phases without mass loss) in addition to drying shrinkage (i.e., loss of capillary water 

detectable with mass loss).  

3.2. Water flux 

The water flux experiments were initiated by determining the applicable temperature and pressure ranges 

(Fig. 5). For pressure, it was noticed that values lower than 200 kPa resulted no flux through the membrane. 

When the pressure was increased from 400 to 1000 kPa at temperature of ~20 °C (Fig. 5A), there was no or 

only a minor increase in the water flux and both studied materials ended up to a value of ~14 L m-2 h-1. 

However, when temperature was increased up to 60°C, there was a remarkable increase in the water flux 

for low-Ca membrane up to ~235 L m-2 h-1. On the other hand, the medium-Ca membrane exhibited almost 

a constant value of ~10 L m-2 h-1 throughout the studied temperature range. At temperature higher than 

60°C, both membranes showed signs of disintegration. A possible explanation for the lower water flux of 

the medium-Ca membrane could be related to the presence of CaCO3 crystals (see Fig. 4D), and subsequent 

clogging of pores. The solubility of CaCO3 is relatively low (Ksp = 3.36 × 10-9 for calcite at 25°C) and it 

decreases upon increasing temperature (Haynes, 2017). 
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Fig. 5. Average water flux as a function of (A) pressure (T ≈ 20°C) and (B) temperature (p = 200 kPa). Each 

measurement was repeated 2–3 times. 

 

3.3. Ammonium separation experiments 

The low-Ca membrane performed better than medium-Ca membrane in the ammonium separation: the 

ammonium removal-% stabilized to approximately 50 and 20 %, respectively, when comparing the feed and 

permeate concentrations. Thus, only the low-Ca membrane is discussed in detail below (Fig. 6). The 

ammonium concentration in the permeate increased during the first 30 min and stabilized to a value of ~40 

mg L-1 corresponding to ~50 % rejection. However, the retentate ammonium concentration was higher than 

the initial concentration only for the first 30 min, which implies that ammonium was not rejected by the 

membrane but likely uptaken to the membrane structure via cation exchange (Franchin et al., 2020; 

Luukkonen et al., 2018b, 2017a; Sanguanpak et al., 2021). Thus, the low-Ca membrane could be used as an 

ion-exchange membrane (Xu, 2005). The regeneration of the membrane was not assessed in the present 

study but it can be likely performed with similar methods as for granules or foams, that is, by flushing with 

~0.3 M Na+ solution (such as one containing 0.2 M NaCl + 0.1 M NaOH) (Luukkonen et al., 2018b). 
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Fig. 6. Ammonium separation by the low-Ca membrane (T = 25°C and p = 200 kPa). 

 

4. Conclusions 

 

In this work, self-supporting alkali-activated membrane disks were prepared of metakaolin, blast furnace 

slag, or their mixture by a simple procedure consisting of raw material mixing, casting, and curing at 60°C. It 

was observed that the high-Ca mix design involving 100 % blast furnace slag as the precursor was not a 

feasible membrane material as it was not chemically stable and prone for disintegration. The compressive 

strength of the other two membranes was found sufficient to easily withstand the applied pressures in 

micro- or ultrafiltration applications. In terms of shrinkage, it was observed that likely a good practice 

would be to keep the membranes continuously moist to minimize dimensional changes. The medium-Ca 

mix design with metakaolin and blast furnace slag exhibited low water flux performance, which was likely 

related to the formation of CaCO3 crystal to its surface due to the reaction with atmospheric CO2. The 

membranes were tested for ammonium separation in which the low-Ca membrane (i.e., with only 

metakaolin) outperformed the medium-Ca membranes (i.e., with metakaolin and blast furnace slag). The 

mass balance examination indicated that ammonium was retained in the low-Ca membrane matrix (i.e., not 

concentrated in the retentate fraction), and thus the likely removal mechanism was via ion-exchange. The 

obtained results provide interesting insights for the further development of alkali-activated membranes for 

applications requiring ammonium nitrogen removal, such as membrane bioreactors in municipal 

wastewater treatment. 
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