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This study demonstrates a high-value valorization of blast furnace slag in foamed alkali-activated filters for
adsorption applications, using methylene blue as a model compound. The filters were prepared by combining
alkali activation of blast furnace slag with direct foaming, followed by curing at 60 ◦ C for 4 h. Five different
surfactants were compared for the stabilization of foams. Based on an initial screening, the Triton X-405 sur
factant was selected for further studies. The dosages of selected surfactant and H2O2 were optimized to obtain
compressive strength of 2.59 MPa and specific surface area of 83.3 m2/g for powdered material and 78.31 m2/g
for foam pieces. Porosity was determined as 64%, 65%, or 50% by using gas pycnometry, Archimedes method, or
X-ray microtomography, respectively. The optimized filter mix design was applied for methylene blue removal in
continuous column experiments at two influent concentrations (5 and 10 ppm) by using constant empty-bed
contact time of ~9 min (flowrate of ~1 L/h). After 6 h, for both influent concentrations, the dye removal was
still 74%, with the initial removal of ~100%. The saturated filter could be regenerated by a thermal treatment
resulting improved adsorption performance. When the material was employed as powder, the maximum
adsorption capacity was 60.35 mg/g according to the Langmuir isotherm (R2 = 0.99) and adsorption kinetics
followed the pseudo-second order model. The results demonstrate preliminarily that porous filters prepared in
this study have potential to be used in industrial wastewater treatment.

1. Introduction
Alkali-activated materials (AAMs) have emerged as low-CO2 alter
native binders for Portland cement in construction, and their use enables
a high-volume valorization of several underutilized industrial alumi
nosilicate side-streams (e.g., construction and demolition wastes, mine
tailings, or fly ashes). However, AAMs also exhibit high-value applica
tions, such as adsorbents, catalyst supports, membranes or other mate
rials for water and wastewater treatment [1,2].
AAMs are prepared through the reaction of an aluminosilicate pre
cursor with a high-pH alkali-activator solution [3]. Industrial alumino
silicate side-streams or calcined clay minerals can be used as the
precursor [4]. The Ca/Si ratio of AAMs is one of the most important
parameters defining the molecular-level structure of aluminosilicate

gels. High-Ca systems contain calcium-aluminum-silicate-hydrate (i.e.,
C-A-S-H in the cement chemist notation) gel. The C-A-S-H gel resembles
tobermorite mineral [5] with partially cross-linked chains containing
SiQ2 and SiQ2(1Al) environments (i.e., SiO4 connected to two SiO4 and
two SiO4 and one AlO4, respectively) [6]. Meanwhile, low-Ca systems
contain sodium-aluminum-silicate-hydrate (N-A-S-H) gel, which com
prises a 3D aluminosilicate network of SiQ4(2Al) and SiQ4(3Al) centers
[6]. The precursors containing high Ca content include blast furnace slag
(BFS), class-C fly ash, phosphorus slag, steel slag, and rock wool,
whereas low-Ca-containing aluminosilicates include class-F fly ash and
clay minerals. Low-Ca-containing AAMs are known as geopolymers,
which is a subgroup of AAMs [7].
Recently, highly porous AAMs have gained significant research in
terest in different industrial and environmental applications due to their
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thermal stability, mechanical strength, and low CO2 emission, as well as
simple, low-energy, and cost-effective preparation process [8–12].
Porous AAMs can be prepared for instance by using direct foaming, 3D
printing, replica method, or sacrificial filler technique [8]. In AAM
foams, pores can be generated using a mechanical foaming method
where a pre-developed foam is mixed with an alkali-activated paste or
the paste itself is mixed vigorously to introduce air [13,14]. Alterna
tively, a chemical foaming method can be used, where gas bubbles are
produced from the chemical reaction of a blowing agent at high pH
[15–18]. In the direct foaming method, blowing agents (e.g., H2O2 or Al
powder) are introduced in the AAM paste before curing [8]. The com
bination of blowing agents and surfactants results in open porosity,
whereas the use of blowing agents alone results in closed porosity [14,
19]. Surfactants stabilize the gas–liquid interface through the hindrance
of bubble coalescence, continuous Ostwald ripening, or spontaneous
drainage [8].
BFS is a byproduct of iron manufacturing and is frequently used as an
AAM precursor. Alkali-activated BFS (AABFS) foams have been pre
pared for different applications (e.g., thermal insulation materials [20],
lightweight concrete [21], and indoor acoustic elements [22]) by using
both mechanical and chemical foaming methods. The foam properties
(such as drying shrinkage) can be improved through fiber addition [22].
On the other hand, the addition of a high amount of water in AABFS
foam introduces bubble size rearrangement and subsequent poor ho
mogeneity in pore size distribution with negative effects on the strength
development, thermal conductivity, and density [17].
AABFS can also be used as adsorbents in water and wastewater
treatment. For example, barium-modified AABFS was prepared to
remove sulfate from mine water with an adsorption capacity of 119 mg/
g [23]. Lee et al. [24] reported a maximum cesium removal of 96% using
AABFS with an initial concentration of 100 mg/L and adsorption ca
pacity of 15.24 mg/g on an alkali-activated mesoporous fly-ash/BFS
adsorbent. AABFS was also applied as an adsorbent for removing Ni,
As, and Sb from mine water with an initial concentration of 1.77–2.40
mg/L and removal efficiency of 90–100% [25]. Kutuniva et al. [26]
investigated the stabilization of copper, zinc, and other metal(loid)s in
lake sediments (i.e., active capping) by using crushed AABFS pieces.
Their results from sequential leaching experiments confirmed that the
adsorbed metal(loid)s were stable under highly acidic or reducing
conditions, whereas leaching was induced under strongly oxidizing
conditions. However, most previous adsorption studies conducted using
AABFS have used a powdered adsorbent, which is not feasible in most
practical applications as it requires an additional step for separating the
adsorbent and cannot achieve regeneration.
Over 100000 different types of dyes are produced every year, which
accounts for around 7 × 105 tonnes [27]. Among them, methylene blue
(MB), the model compound selected for the present study, is one of the
most widely used dyes in different industries, for example, textile,
leather, plastics, paint, and paper [28]. From these industries, a high
volume of MB contaminated wastewater is generated. MB-contaminated
wastewater poses serious health and environmental concerns because of
their ecotoxicity and health effects, which include nausea, dizziness,
high blood pressure, hyperbilirubinemia, Heinz body formation, muta
genicity, and teratogenicity [27,29,30]. The transmission of light is also
prevented due to the presence of MB in wastewater, and thus it poses a
severe concern for the aquatic environment [27]. By considering the
above consequences, the removal of MB from the industrial wastewater
before their discharge is very important. Researchers have already used
various methods to remove MB from wastewater, for example, ion ex
change, ultrafiltration, photodegradation, coagulation - among them
adsorption is a promising low-cost method [27]. For the removal of MB
from the wastewater, the possible interactions between MB and adsor
bent can include electrostatic (i.e., hydrogen bonding) and π-in
teractions [30].
For water and wastewater treatment, mechanically and chemically
stable filter materials with a suitable pore size distribution and an

environment-friendly and cost-effective preparation process are
required. The operating life and filter regeneration after wastewater
treatment are also important factors that need to be considered. In the
present study, we prepared a highly porous AABFS filter from a low-cost
industrial by-product by using the direct foaming method and demon
strated its use for an organic dye (MB) removal and the regeneration of
the filter. The present study provides novel information about the uti
lization of foamed AABFS in comparison to powder adsorbent. The hy
pothesis is that the high porosity and consequent high surface area of
foam will enable closely similar adsorption performance as with pow
der. However, the application of foamed materials is technically more
feasible as mentioned above. The use of BFS in this study demonstrates
the high-value valorization prospects of this by-product, which also
promotes the transition into circular economy. The current study also
contributes to further development possibilities of alkali-activated
foams for wastewater treatment and other applications.
2. Materials and methods
2.1. Materials
In this study, the BFS, used as an aluminosilicate precursor, was
obtained from Finnsementti, Finland, with the following main compo
nents (as oxides, w/w): CaO 38.5%, SiO2 32.3%, Al2O3 9.5%, MgO
10.2%, SO3 4%, and Fe2O3 1.23%. A sodium silicate solution (Merck,
extra pure, molar SiO2/Na2O ≈ 3.5, water content at 65 wt%) and so
dium hydroxide pellets (98.7%, VWR) were mixed approximately one
day before being used to obtain an alkaline solution with a molar ratio of
SiO2/Na2O of approximately 1.2 and water content of approximately 56
wt%. Hydrogen peroxide (30%, VWR, w/v) and five different surfac
tants—sodium dodecyl sulfate (SDS; ≥98.5 wt% solid; Sigma), cetyl
trimethylammonium bromide (CTAB; VWR; ≥99 wt% solid), Triton X100 (VWR; 100% solution), Triton X-114 (VWR Acros; 100% solution),
and Triton X-405 (Sigma-Aldrich; 100% solution)—were used in the
filter manufacturing by using the direct foaming method. Among these
surfactants, SDS is anionic, CTAB is cationic, and the remaining are nonionic. To neutralize the highly alkaline pore solution of the prepared
filter, acetic acid (100%; Merck) diluted to 0.1 M was used for flushing.
The neutralization is important for two reasons: in wastewater treat
ment, it is not allowed to increase the effluent pH in many cases, and
neutralization was necessary to have a control over the pH in the
experiments.
For dye removal, methylene blue (MB, TCI, >70%) was used, which
was added in a buffer solution of pH 7 (6.81 g/L of KH2PO4 (VWR,
Belgium) and 1.164 g/L NaOH (98.7%, VWR)). The buffer with pH 7 was
selected for the experiments to simulate typical pH of municipal and
many other wastewaters. For regenerating the filter, 0.3 M acetic acid
(100%; Merck) or a solution containing 0.1 M NaOH (98.7%, VWR) and
0.2 M NaCl (VWR) was used. Throughout the experiment, deionized
water (DIW) was used.
2.2. Preparation of the filter
The filter was prepared using the direct foaming method [8], where
BFS was first mixed with an alkali-activator solution and water by using
a high-shear mixer (speed 3000 rpm, IKA EUROSTAR 20, high-speed
digital) for 4 min to form a fresh paste. Then, H2O2 and different sur
factants were added to the fresh paste and mixed for additional 2 min
(speed 3000 rpm). In the mix design, the weight ratio of BFS and alkali
activator was 3.4:1.0. The theoretical molar ratios achieved in AABFS
were approximately 7.00 for SiO2/Al2O3, 0.14 for Na2O/SiO2, 0.96 for
Na2O/Al2O3, 1.05 for CaO/SiO2, and 18.74 for H2O/Na2O. The prepa
ration process is presented schematically in Fig. 1. The samples were
cured in an oven at 60 ◦ C for 4 h by being placed in an air-tight plastic
bag. After that, the samples were left in that bag under ambient condi
tions and demolded after 24 h. The samples were left under ambient
2
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Fig. 1. Schematic presentation of alkali-activated BFS filter preparation.

conditions in the air-tight plastic bag until further study. During the
surfactant comparison, the amounts of H2O2 (0.06 wt%) and surfactants
(0.001 mmol/g paste) were maintained constant. Triton X-405 was
selected for optimizing these amounts. The amounts of H2O2 used for the
optimization were 0.05%, 0.06%, 0.07%, 0.08%, 0.09%, and 0.10% (wt
%), whereas that of Triton X-405 was constant (0.001 mmol/g paste). In
addition, the amounts of Triton X-405 used for the optimization were
0.0008, 0.0010, 0.0013, 0.0015, and 0.0018 mmol/g paste (or 0.15,
0.20, 0.25, 0.30, and 0.35 wt%), whereas the amount of H2O2 was
maintained constant (0.06 wt%).

as

2.3.1. Characterization of mechanical strength of the filter
The compressive strength of the filter samples was measured using a
ZwickRoell Z10 universal testing machine with a 1 mm/min loading
rate (10 kN load cell was used) at a constant age of 8 days after prepa
ration. The samples had dimensions of 50 × 50 × 30 mm3. Compressive
strength (σ) can be calculated (MPa) as follows:
F
A

ρt − ρg
× 100
ρt

(2)

Open porosity[%] =

ρa − ρg
× 100
ρa

(3)

When using the Archimedes method, the samples were dried in an
oven at 60 ◦ C until a constant mass was reached. Then, to determine the
apparent density [ρb (g/cm3)] and open porosity [po (g/cm3)], the
samples were kept in an evacuation vessel and the pressure was grad
ually decreased to 2 ± 0.7 kPa by using a vacuum pump. The vacuum
was maintained for 2 h to expel all air from the open pores of the
samples. After that, DIW was gradually added into the vessel to immerse
all samples completely under a constant pressure of 2 ± 0.7 kPa. When
the sample immersion was completed, the vessel pressure was reduced
to atmospheric pressure and the samples were left in water overnight.
The next day, the samples were weighed under water to determine their
mass in water [mh (g)]. Then, to determine the mass of the samples
saturated with water [ms (g)], the samples were wiped with a damped
cloth and weighed immediately. The real densities [ρr (g/cm3)] of the
samples were the same as those described above. The total and open
porosities can be calculated as
(
)
ρ
Total porosity[%] = 1 − b × 100
(4)

2.3. Filter characterization

σ=

Total porosity[%] =

(1)

where F = force (N) and A = surface area under compression (mm2).

ρr

2.3.2. Characterization of nanoscale porosity and specific surface area
The specific surface area and nanoscale pore volume of the samples
were determined using a N2 gas adsorption–desorption Bru
nauer–Emmet–Teller (BET) isotherm and the Barrett–Joyner–Halenda
(BJH) method with Micromeritics ASAP 2020. The samples were
powdered to a particle size of < 600 µm and freeze-dried (lyophiliza
tion) for 72 h. The pieces of AABFS foams (4–6 mm) prepared with five
different surfactants were also employed for a comparative study with
the powder-form material.

Open porosity[%] =

ms − md
× 100
ms −
mh

(5)

2.3.4. Characterization of water permeability
To measure the constant head water permeability coefficient k (cm/
s), the optimized mix design was cast in a 10-cm-diameter plastic col
umn [18]. After hardening, the top and bottom surfaces of the sample
were grounded using an abrasive paper to reveal the pores. The constant
head water permeability coefficient can be calculated using Eq. 6, where
p is the water head (cm), A is the sample area (cm2), h is the sample
height (cm), Q is the water flow (cm3/s), η20 is the viscosity of water at
20 ◦ C, and ηT is the viscosity of water at the measurement temperature.

2.3.3. Characterization of porosity by He-gas pycnometer and Archimedes
method
The open and total porosities of the samples were studied using both
a He-gas pycnometer (AccuPyc II 1340, Micromeritics) and the Archi
medes method. The samples were dried in an oven at 60 ◦ C for 24 h, and
then, their geometric density [ρg (g/cm3)] was determined using an
analytical balance and a caliper. The apparent densities [ρa (g/cm3)] and
true densities [ρt (g/cm3)] were determined using crushed samples
(dimension less than 1 cm) and pulverized samples, respectively, with
the He-gas pycnometer. The total and open porosities can be calculated

k=

ηT Q × h
×
η20 A × p

(6)

2.3.5. Characterization by X-ray microtomography and optical microscopy
The morphologies of the AABFS filters of five different surfactants
were studied using a high-resolution micro-computed tomography
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scanner (Skyscan 1272, Bruker microCT). The source voltage was set at
70 Kv, and a 1-mm-thick aluminum filter was used to filtrate the
generated beam. In every 0.2–360◦ interval, the projection images were
collected with an integration time of 3.2 s by averaging two frames. The
cross-sectional images of pixel size 5 µm were reconstructed with NRe
con [v. 1.7.5.9 using GPUReconServer (1.7.5)], and the CT analyzer
software (v. 1.19.11.1, Bruker microCT) was used for the morphological
analysis. The images were preprocessed on the volumes of interest by
using an anisotropic diffusion filter (gradient threshold of 5 GV and
iterated for 15). The segmentation of the entire filter and that of the
dense particles were performed separately, as the filter contained dense
particles. A global threshold (25–255 GV) was used to segment the filter,
whereas the dense particles embedded in the filter were analyzed using a
higher threshold (160–255 GV).
Optical microscopy was conducted using a Leica DFC420 camera
(Leica MZ6).

2.4. Dye removal experiment
For the dye removal experiment, the filter was cast in a plastic col
umn (Ø = 4.3 cm) and neutralized by being flushed with 4 L of 0.1 M
acetic acid and DIW. Ultraviolet-visible light (UV-Vis) spectroscopy
(Shimadzu UV-1800) was used to quantify MB in the experiment at a
wavelength of 664 nm by using quartz cuvettes. The calibration was
performed using a MB concentration of 1–5 ppm. The baseline was
corrected using DIW. The selected filter was used to remove MB at two
different concentrations (5 and 10 ppm). Different MB concentrations
were prepared from a 1000 ppm MB stock solution by dilution with a
buffer solution of pH 7. The pH 7 was selected for the study, as typical
municipal wastewaters, for instance, have the pH of around 7. By using a
pump (MINIPULS 3), the MB solution (6 L) was pumped through the
filter column with empty bed contact time (EBCT) of 0.148 h. The
filtrate sample was collected every 15 min and analyzed immediately by
using a UV-Vis spectrometer. The experimental setup is shown in Fig. 2.
During the experiment, the absorbance of the feed solution was
checked occasionally to ensure that it was constant. Additionally, the pH
of the filtrate solution was monitored. The percentage of MB removed
from the solution can be calculated as
]
[
(C0 −
Ct )
× 100
(7)
MB removed[%] =
C0

2.3.6. Characterization of morphologies by field emission scanning electron
microscope
The micrographs and chemical compositions of the samples were
obtained using a field emission scanning electron microscope equipped
with an energy dispersive spectroscope (FE-SEM-EDS, Zeiss Ultra Plus).
To conduct the analysis, a backscatter electron detector with accelera
tion voltage and working distance of 15 kV and 8.5 mm, respectively,
was used. The samples were coated with carbon before the measure
ment. The alkali-activated gel matrix compositions were obtained by
conducting spot analysis from the backscatter electron images where the
unreacted slag particles could be easily distinguished.

where C0 is the initial concentration of MB and Ct is the concentration of
MB at time t after filtration.
The filter regeneration after MB adsorption was performed
comparing the following three approaches—by using a solution con
taining both 0.1 M NaOH and 0.2 M NaCl, using 0.3 M acetic acid, or by
thermal treatment (500 ◦ C for 2 h with increments of 2 ◦ C/min). The
amounts [m (mg)] of MB adsorbed and desorbed by the filter can be
calculated using Eqs. 8 and 9, respectively, where V (L) is the volume of
solution passed through the filter in time t (h) with an outflow rate Q (L/
h) and C (mg/L) is the concentration of the filtrate solution in the case of
desorption. The cumulative adsorption amount (qtotal, mg) can be
calculated using Eq. 10, where Cad (Cad = C0 − Ct) (mg/L) is the con
centration of the adsorbed dye, Q (L/h) is the outflow rate, t (h) is the
residual time, and A is the area below the breakthrough curve. The
adsorption capacity q can be calculated using Eq. 11, where w is the
weight of the filter.

2.3.7. X-ray diffraction
An X-ray diffraction (XRD) analysis was performed using a Rigaku
Smart Lab diffractometer (9 kW Co Kα X-ray source) in the range of 2θ
from 5◦ to 120◦ at 4◦ /min scan speed and a step width of 0.02◦ . The XRD
analysis was conducted on powdered samples by using ZnO as the in
ternal standard. The results were evaluated using HighScore Plus
software.
2.3.8. Volume expansion experiment
The volume expansion for the prepared filter samples (see Fig. S1 in
supporting information) was studied by pouring the fresh paste in a
graduated 50 mL plastic tube and recording the volume change after
curing at 60 ◦ C for 4 h.

(8)

V=t×Q

2.3.9. Thermogravimetric analysis
A thermogravimetric (TGA) analysis was performed using an SDT
650 simultaneous thermal analyzer in a Pt crucible, where the sample
was heated from 50 ◦ C to 1000 ◦ C at a heating rate of 10 ◦ C/min under
nitrogen atmosphere.

(9)

m=C×V
∫

t

qtotal = QA = Q

Cad dt
0

q=

qtotal
w

Fig. 2. Schematic of the experimental setup for dye removal.
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2.5. Filtration experiment
RMSE =

2.5.1. Elemental analysis by inductively coupled plasma-optical emission
spectrometry
Inductively coupled plasma optical emission spectrometer (ICPOES), 5110 VDV ICP-OES, Agilent, was used for the elemental analysis
(Na, Ca, Mg, S, Al, Si, Fe) of the filtrate samples. These measurements
aimed to ensure that the filter material was stable under the studied
conditions. The sample used for the inductively coupled plasma-optical
emission spectrometry (ICP-OES) analysis was collected after flushing
the filter with 4 L acetic acid and 24 h flushing with DIW. The filtrate
samples were preserved in a refrigerator by adding HNO3.

χ2 =

3.1. Compressive strength, porosity, and specific surface area of the
prepared filter
The effects of different surfactants on the mechanical strength of the
BFS-based filter are presented in Fig. 3(A). The equimolar doses of the
five surfactants yielded clearly different compressive strengths: the
highest strength (1.90 MPa) was found for Triton X-405 and the lowest
for SDS. In general, non-ionic surfactants result in higher compressive
strengths possibly due to fewer electrostatic interactions with charged
species (e.g., Al[OH]-, H2SiO42-, H3SiO4-, or Na+, which are present in
the fresh-state alkali-activated paste). In contrast, ionic surfactants can
cause chelation or other interactions with the charged soluble species,
hindering their strength development. Triton X-405, which yielded the
highest strength, contains a longer chain of -CH2-CH2-O- monomers
compared to other non-ionic surfactants. The BFS filters used in the
present study exhibited almost double compressive strength compared
to a metakaolin-based geopolymer filter studied by Luukkonen et al.
[18] with approximately similar porosities.
Thus, owing to its high compressive strength, Triton X-405 was
selected for optimizing the surfactant and H2O2 doses (Fig. 3(B) and 3
(C), respectively). For H2O2, the optimum amount was 0.06%, and with
larger doses, the porosity increased, and subsequently, the compressive
strength decreased [35]. For the surfactant, the optimum dose was
0.001 mmol/g paste (or 0.20%, w/w), although the trend was not as
clear. The optimum surfactant dose is likely related to the changes in
fresh-state paste rheology and the resulting pore morphology in the
hardened state. Overall, the compressive strengths of the
alkali-activated filters prepared in this study were roughly in the same
range as some sintered ceramic filters with similar porosities
(0.9–1.7 MPa) [36], and thus they fulfil the strength requirements.
The open and total porosities obtained by the gas pycnometer and
Archimedes method (see supplementary material, S-Table 1) correlated
well, indicating that both He gas and water can access the pores effec
tively. For the five different surfactants, the total porosities ranged
approximately 64–80% and the open porosity was approximately equal
to the total porosity, which indicates that all pores were accessible and
interconnected. Among the five surfactants, SDS yielded the highest
porosity (≈80%). For different amounts of Triton X-405, the total
porosity ranged 61–66%, and for different molarities of H2O2, the total
and open porosities ranged 61–68%. Triton X-405 with a dose of 0.20%
yielded 64–65% total porosity, with approximately 97% of the pores
interconnected. The porosity of these filter materials is comparable to
that obtained in studies that used pre-developed foam [37,38].
The specific surface areas, average pore widths, and cumulative pore
volumes of the samples of powder form are listed in Table 1, where the
ionic surfactants showed a higher surface area compared to the nonionic surfactants. Sharma et al. (2018) reported a higher surface area
for SDS surfactant compared to CTAB surfactant, which agrees with our
findings [39]. The specific surface areas for the AABFS samples
(60–92.5 m2/g) were approximately similar to that for alkali-activated
BFS powder (64.5 m2/g) [25,39]. The variation in the H2O2 and

(12)

where qe (mg/g) is the equilibrium adsorption capacity, K is the
adsorption coefficient, and 1/n is a dimensionless parameter describing
energetics heterogeneity of the adsorbent surface.
Eq. 13 represents the Langmuir [32] isotherm:
qm K2 Ce
1 + K 2 Ce

(13)

where qm (mg/g) describes the maximum adsorption capacity, and K2 is
a unitless parameter related to the energy of adsorption.
The integrated form of the pseudo-first order rate eq. [33] with the
boundary condition qt = 0 when time, t = 0 is represented in Eq. 14.
ln

(qe − qt )
= − kp1 t
qe

(14)

where kp1 (min-1) is the pseudo-first order rate constant, which can be
obtained as a slope from the plot of ln (qe-qt)/qe vs t.
The integrated form of pseudo-second order rate eq. [34] with the
boundary condition qt = 0 when time, t = 0 is represented in Eq. 15.
t
=
qt

1
+
kp2 q2e

t
qe

(15)

where kp2 (g mg-1 min-1) is the pseudo-second order rate constant, which
can be obtained as a intercept from the plot of ln t/qt vs t.
To determine isotherm and kinetic equation parameters, the
nonlinear regression with Microsoft excel solver tool was used. Eqs.
16–18 were used to calculate R2, the residual root mean square error
(RMSE), and χ2 (chi-square test).
n (
∑
2

R = 1−

n=1

qe.

n (
∑
n=1

exp.n

− qe.model.n

qe.exp.n − qe.exp.n

)

(18)

3. Results and discussion

The AABFS was washed by using 0.1 M acetic acid and DIW for
several times, dried at 60 ◦ C for 48 h, and pulverized into powder form
(particle size 63–120 µm). Although the main objective of the present
work was to study the dye removal by using AABFS in the form of filter,
for isotherm and kinetics studies, AABFS was used as powder to obtain
comparable results to earlier literature (in which mainly powder-form
adsorbents have been utilized). For isotherm experiments, different
MB concentrations (1 – 100 ppm) with a constant dose of AABFS powder
(1 g/L) and contact time of 48 h were used. For kinetic experiments, the
MB concentration and AABFS powder were constant 20 ppm and 1 g/L
and samples were taken at different intervals. The Freundlich and
Langmuir isotherm models were used to study the interaction between
MB and AABFS. Eq. 12 represents the Freundlich [31] isotherm:

qe =

(
)
n
∑
qe.exp.n − qe.model.n 2
qe.exp.n
n− 1

(17)

here, the number of values in a dataset is denoted by n, the number of
parameters in a certain model is denoted by p, the experimental and
calculated adsorption capacities are denoted by qe.exp.n and qe.model.n,
respectively.

2.6. Isotherms and kinetics

qe = KC1/n
e

√̅̅̅̅̅̅̅̅̅̅̅
n
(
)2
1 ∑
q
− qe.model.n
n − p n− 1 e.exp.n

)2
(16)
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Fig. 3. Compressive strength (at 8 d age) of the filters: (A) comparison of surfactants (0.001 mmol/g paste with 0.06 wt% of H2O2), (B) different doses of H2O2 and a
constant dose of Triton X-405 surfactant (0.001 mmol/g paste), and (C) different doses of Triton X-405 surfactant and a constant dose of H2O2 (0.06, wt%).
Table 1
The employed amounts of surfactants and hydrogen peroxide and the obtained specific surface areas, average pore widths, and cumulative pore volumes by BET and
BJH analyses and pore structure analysis by X-ray microtomography.
Surfactant

Comparison of
surfactants

Effect of T-405
dose

Effect of H2O2
dose

T-100
T-114
T-405
SDS
CTAB
T-405
T-405
T-405
T-405
T-405
T-405
T-405
T-405
T-405
T-405
T-405

Surfactant dose
[mmol/g paste]

H2O2
[wt%]

BET/BJH
Specific
surface area
[m2/g]

Average
pore width
[nm]

Cumulative pore
volume [cm3/g)

Cell wall
thickness
[µm]

Total
porosity
[%]

Closed
porosity
[%]

Average
pore width
[µm]

0.001
0.001
0.001
0.001
0.001
0.0080
0.0010
0.0013
0.0015
0.0018
0.001
0.001
0.001
0.001
0.001
0.001

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.07
0.08
0.09
0.10

63.04
82.73
74.47
92.49
88.66
81.53
83.28
74.47
76.65
78.30
66.78
74.47
59.79
61.21
62.93
68.81

18.15
17.69
18.95
11.47
12.10
8.67
14.72
18.95
8.75
20.67
8.99
18.95
20.28
12.78
14.47
11.92

0.011
0.009
0.008
0.008
0.003
0.002
0.004
0.008
0.003
0.009
0.002
0.008
0.011
0.007
0.003
0.003

26.6
17.8
25.8
13.2
15.7
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

53.3
51.5
53
70.9
64.7
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.08
0.11
0.04
0.02
0.08
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

45.9
25.7
40.3
38.8
47.8
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

X-ray microtomography

T-100 = Triton X-100, T-114 = Triton X-114, T-405 = Triton X-405

Triton X-405 doses also affected the specific surface area. The optimized
mix design in terms of strength (i.e., 0.20% Triton X-405% and 0.06% of
H2O2) showed a specific surface area of 83 m2/g and an average pore
width of 14.72 nm. This surface area for the BFS-based filter is clearly
higher than that (4 m2/g) reported for raw BFS by [40]. The specific
surface area for pieces of foams prepared with five different surfactants
was only 0.33–9.53% lower in comparison to the powder form material.
This observation confirms that the highly porous foams are almost
similarly available for N2 adsorption as the powdered materials. The

specific surface areas of the foam pieces for Triton X-100, Triton X-114,
Triton X-405 (optimized), SDS, and CTAB were 58.50, 82.46, 78.31,
82.55, and 83.68 m2/g, respectively.
In addition, the porosities of the AABFS filter with the five different
surfactants and the optimized filter were studied by X-ray micro
tomography, as shown in Table 1. The 3D reconstructions of the filter
samples are illustrated in Fig. 4. Similarly, as with the gas pycnometry
and Archimedes method, SDS yielded the highest total porosity (71%).
However, the porosities obtained by X-ray microtomography were lower
6
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Fig. 4. Three-dimensional reconstruction of the filter samples. Each row from (A) to (F) shows the structure of the overall samples of pore thickness (separation) and
wall (structural) thickness.

than those obtained by gas pycnometry and Archimedes method, which
indicates the presence of pores smaller than the detection limit of X-ray
microtomography. The CTAB surfactant yielded the largest average pore
thickness (47.77 µm), whereas Triton X-114 yielded the lowest thickness
(25.69 µm). Fig. 4 also reveals the reason for low compressive strength
of foams prepared with SDS and CTAB: their pore wall thicknesses are
much lower in comparison to foams prepared with non-ionic
surfactants.

by varying the concentrations of H2O2 and Triton X-405. SDS yielded the
highest volume expansion (281%), whereas Triton X-100 yielded the
lowest volume expansion (94%) (Fig. S2). The volume expansion for the
non-ionic surfactants was almost similar, between 94% and 105%. The
non-ionic surfactants produce smaller bubbles that would contribute to
lower volume expansion [41]. On the other hand, lower viscosity of
AABFS paste can contribute the higher volume expansion for anionic
surfactant as the higher viscosity of paste inhibit the foaming effect [42].
With an increase in the dose of the blowing agent (H2O2), the volume
expansion tended to increase (100–131%), as shown in Fig. S3. An
increased H2O2 concentration produced more gas, which contributed to
the volume expansion. In contrast, with the change in the concentration
of Triton X-405, the volume expansion did not exhibit a clear trend; the

3.2. Volume expansion
The volume expansion during consolidation was studied for the
foams prepared with different surfactants, as well as the foams prepared
7
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highest volume expansion (105%) was observed for 0.25% Triton X-405
and the lowest expansion (74%) was observed for 0.30% Triton X-405
(Fig. S4). An increase in the concentration of Triton X-405 affected the
viscosity of the fresh-state paste, which might have hindered the
expansion.

activated matrix compositions of the foams prepared with the five sur
factants and optimized mix design (before acid flushing) are shown in
Fig. 5.
As mentioned above, sodium in AAMs can be associated to the
negatively charged Al sites and ideally the molar ratio of Na/Al should
be 1.0. Excessive sodium can migrate out of the structure causing so
dium carbonate salt deposits on the surface. In the analyzed foams, the
ratio of Na/Al varied from 1.0 to 1.7, which is slightly higher than the
theoretical ratio of the mix design (NaAl = 0.96). Nevertheless, sodium
was stably associated to the structure since there were no signs of salt
deposition (i.e., efflorescence) visually or in XRD (Fig. 6). The ratio of
Si/Al indicates the extent of negative charge present in the aluminosil
icate gel and by decreasing the ratio, ion exchange capacity is expected
to increase. The observed Si/Al ratios were 4.0–5.3, which is also close
to the theoretical Si/Al of 3.5. Finally, calcium is a network-modifying
element in the aluminosilicate gel meaning that a higher amount of
calcium indicates a higher extent of non-bridging oxygens. Interestingly,
the optimized mix design has clearly higher calcium content compared
to the others. When comparing the matrix molar ratios of the foams, it is
evident that the pore morphology and pore wall thickness (Fig. 4) are
more important contributors to the strength than the molar composition.
The foam prepared with SDS has closely similar molar composition to
the optimized mix design but near-zero compressive strength.
The XRD diffractograms of the optimized filter (before acid flushing)
and after MB adsorption and thermal regeneration (Section 3.6) are
illustrated in Fig. 6. The broad peak observed around 34◦ indicates the
presence of C-A-S-H gel [53]. For the regenerated filter, the intensity of
the peak of C-A-S-H gel decreases. A low-intensity peak observed around
12◦ in the optimized filter can be assigned to hydrotalcite, which dis
appeared in the thermally treated MB-adsorbed optimized filter [54]. A
new peak with low intensity around 30◦ is observed for the MB-adsorbed
optimized filter, which can be assigned to calcite. The zincite peaks are
obtained from the internal standard.
The TGA/DTG analyses of the optimized filter and MB-adsorbed
optimized filter after thermal treatment are illustrated in Fig. 7. The
TGA/DTG analyses were carried out to observe the phase transition of
the filter after thermal treatment. For both samples, the peak before
200 ◦ C can be identified as decomposition of the C-A-S-H phase [53]. For
the optimized filter, the peak between 200 ◦ C and 400 ◦ C can be
assigned to hydrotalcite decomposition [53] and that around 900 ◦ C can
be assigned to calcite [55].

3.3. Water permeability
Adequate water permeability is an important prerequisite for a filter
to ensure the flow of water through the filter to be used in wastewater
treatment. The water permeability mainly depends on the size and shape
of the pores, as well as their connectivity [43]. In this experiment, the
water permeability was studied only for the optimized mix design. The
hydraulic conductivity of the selected filter (0.00681 cm/s) was higher
than that of conventional ceramic pot filters (~0.004 cm/s) [44]. The
hydraulic conductivity of the metakaolin-based alkali-activated filter
prepared with the same surfactants was slightly higher than that of the
studied filter [18]. The high water permeability is desirable, as for
example the conventional ceramic pot filters tend to be clogged by the
suspended matters [45].
3.4. Chemical stability of the filters
The leaching of Al, Ca, Mg, Na, S, Si, and Fe from the AABFS filter
was analyzed after flushing the filter with 0.1 M acetic acid and DIW.
The analysis aimed to evaluate whether the filter itself can compromise
the water quality by releasing the elements found in BFS. Aluminum is
covalently bonded with oxygen atoms in the C-A-S-H gel structure [46]
or unreacted slag particles, and thus, cannot be easily released when
exposed to mild acid solutions or neutral conditions. Consequently, the
observed < 0.2 mg/L Al concentration is low, and as an example, within
the recommended values for drinking water by the World Health Or
ganization (WHO) [47]. Similar results were obtained by Kutuniva et al.
[26]: no Al leaching occurred when alkali-activated BFS was exposed to
0.1 M acetic acid. Silicon is also covalently bonded with oxygen atoms in
the C-A-S-H gel structure [48] or unreacted slag particles, and thus, is
not expected to be released under acidic or neutral conditions. The Si
concentration was observed to be 12.0 ± 0.3 mg/L, which is a typical
value for natural water. Calcium can be located either at non-bridging
oxygen sites (i.e., Si-O-) or in the vicinity of the aluminum tetrahe
dron (i.e., [AlO4]-) sites [42]. Calcium can be leached through ion ex
change with H+ [49]. Some of the calcium can also be contained in Ca
(OH)2 or CaCO3, which dissolve at a low pH. The calcium concentration
obtained after flushing was 13.1 ± 0.3 mg/L, which indicates that most
of the available calcium had been removed during acetic acid flushing.
Sodium can be adsorbed on the C-A-S-H surface by replacing free Ca2+
or can be present in freely dissolved form in the pore solution [50]. The
observed leached sodium concentration was low (0.163 ± 0.009 mg/L).
Again, this may reflect that most of the available sodium had already
been leached during acid flushing. Although the presence of sodium in
drinking water can affect the taste, there is no guideline stipulated by
WHO for the permissible amount of sodium in drinking water [47]. Iron
can be covalently bonded with oxygen atoms or can be present as
metallic iron residues [51] and sulfur can be present as a sulfide species
[52]. The concentrations of leached iron and sulfur are < 0.009 and
0.68 ± 0.03 mg/L, respectively, which are within the recommended
values for drinking water by WHO. When the iron concentration de
creases below 0.3 mg/L, it does not affect the taste of water [47]. The
presence of sulfur as sulfate in drinking water can change the taste
noticeably, and excess levels might cause laxative consequences for the
users. The presence of sulfate at a concentration below 250 mg/L shows
minimal taste deterioration [47].

3.6. MB removal from wastewater
3.6.1. Isotherm and kinetics experiments
The maximum adsorption capacity of AABFS was estimated based on
powdered adsorbent in equilibrium adsorption experiments modelled by
Freundlich and Langmuir isotherms. The parameters of the isotherm
models are presented in Table 2. Considering both the R2, the Langmuir
model (Fig. 8A) resulted better agreement between the calculated and
experimental values. The parameters of kinetic models are presented in
Table 2 from which can be seen that the pseudo-second order model
(Fig. 8B) resulted better fit based on R2 value. The maximum adsorption
capacity of AABFS powder was 60.35 mg/g, which is higher than the
maximum adsorption capacity reported for other alkali-activated ma
terials or geopolymers shown in Table 3.
3.6.2. Continuous column experiments with filter
The removal of 5 and 10 ppm MB by the filter is shown in Fig. 9(A).
The high porosity and surface area of the AABFS filter indicate a high MB
removal efficiency [40]. The cumulative adsorption amounts for the
filter for 5 and 10 ppm MB were 0.16 and 0.34 mg/g, respectively, over
the 6 h experiment when using 1 L/h flowrate (i.e., ~9 min empty bed
contact time). However, it should be noted that this is not the maximum
adsorption capacity of the foam as the filter was still able to remove
~74% of the influent MB after 6 h when the experiment was ended. MB

3.5. Microstructure
The SEM micrographs, optical microscope images, and alkali8
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Fig. 5. SEM micrographs and optical microscope photographs of AABFS filters prepared with different surfactants and optimized mix design.

Fig. 6. Comparison of XRD diffractograms of optimized and thermally treated MB-adsorbed optimized filter (zincite was used as internal standard).

is a basic dye with an aromatic molecular structure, where the sulfur
atom in the thiazine ring bears a positive charge. MB removal by AABFS
can be explained from the electrostatic interaction between the positive
charge of MB and the negative charge of Al tetrahedral in the CASH gel.
Additionally, the H-bonding interaction between the N atoms of MB and
the surface hydroxyl (i.e., silanol or aluminol) groups of AABFS can
occur, shown in Fig. 10 [65]. The chemisorption of MB by AABFS can be
enhanced at high pH since the negative charge on the adsorbent surface
is increased due to the deprotonation of the surface hydroxyl sites.

Consequently, the adsorbent surface will be tended to attract MB cations
through electrostatic forces. In contrast, at low pH, H+ cation compete
with the MB cations. The filter exhibited 100% removal efficiency for
MB at 5 ppm concentration for 15 min. After 6 h of experiment (corre
sponding to ~40 treated bed volumes of water), the MB removal
remained at 74%, which is a promising outcome considering the use of
the AABFS filter for practical wastewater treatment. Here only two MB
concentrations were studied which is one of the limitations of this
experiment.
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Fig. 7. TGA and DTG of (A) optimized and (B) thermally treated MB-adsorbed optimized filter.

recovery of ion-exchange sites in Na+ form. However, these regenerants
could not effectively restore the adsorption capacity of the filter.
Although 0.1 M NaOH + 0.2 M NaCl was pumped through the filter for
6 h with EBCT of ~9 min, it resulted in only partial (67%) desorption of
MB. Then, 0.3 M acetic acid was pumped for 120 min with EBCT of
~9 min, which yielded only 3% desorption of MB.
The thermal regeneration at 500 ◦ C for 2 h was found to be

Table 2
The parameters of Freundlich, Langmuir, Pseudo-first and second order models
calculated by using experimental values.
AABFS
Freundlich

Langmuir

Pseudo-first order
Pseudo-second order

K [(mg g-1) × (mg L-1)-1/n]
n-1
R2
RMSE

χ2

K2 [mg-1 L]
qm [mg g-1]
R2
RMSE

χ2

kp1 [min-1]
qe [mg g-1]
R2
kp2 [g mg-1 min-1]
qe [mg g-1]
R2

10.412
0.437
0.920
5.175
21.194
0.132
60.348
0.993
1.493
2.292
1.820
14.364
0.822
0.141
15.657
0.929

Table 3
Reported MB adsorption capacities of different alkali-activated adsorbents in the
literature.

3.6.3. Filter regeneration
A filter saturated with 5 ppm MB solution was selected for the
regeneration experiment. First, the filter regeneration was studied using
0.3 M acetic acid or a solution containing 0.1 M NaOH and 0.2 M NaCl.
With acetic acid, the expected regeneration mechanism was based on
acid leaching and recovery of ion-exchange sites in H+ form, whereas
the NaOH/NaCl mechanism was based on alkaline leaching and

Precursor for alkali-activated
adsorbent

Adsorption
capacity (mg/g)

Surfactant

Reference

Metakaolin
Metakaolin-blast furnace slag
Metakaolin- blast furnace slag
-rice husk
Metakaolin
Kaolin- based geopolymer
Geopolymer prepared from
Jordanian kaolin and zeolitic
tuff
Fly ash
Fly ash
Fly ash
Fly ash
Blast furnace slag

3.24
11.53
2.75

–
–
–

[56]
[29]
[57]

19.70
4.70
22.40

CTAB
–
–

[58]
[59]
[60]

37.04
0.669
43.47
28.65
60.348

–
–
–
–
Triton X405

[61]
[62]
[63]
[64]
current
study

Fig. 8. Comparison of experimental and calculated adsorption capacities for the (A) Langmuir isotherm and (B) Pseudo-second order models. The employed
adsorbent dose was 1 g/L, contact time of 48 h (in A), initial concentration of 1–100 ppm (in A) or 20 ppm (in B), and neutral pH. The experimental results are shown
with ○, lines represent the modelled results, and dashed lines the upper and lower confidence limit of 95%.
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Fig. 9. MB removal as a function of time using (A) initial concentrations of 5 and 10 ppm and (B) MB removal as a function of time initially and after one or two
cycles of thermal regeneration using 5 ppm initial concentration. The flow rate was 1 L/h and pH was 7.

respectively, and a specific surface area of approximately 83 m2/g. The
optimized AABFS was used for MB dye removal at two different con
centrations. The adsorbed amount (≈0.34 mg/g) for the 10 mg/L
influent was more than double that of the 5 mg/L influent (≈0.16 mg/g)
when the experiment was continued for 6 h. The thermal treatment
restored the saturated filter most efficiently. It was observed that an
improvement in the removal efficiency increased the adsorption ca
pacity. The maximum adsorption capacity was 60.35 mg/g as estimated
with the powder-form AABFS. The kinetics experiments showed that the
experimental data could be described well with the pseudo-second order
kinetic model. This study had some limitations: for example, the short
timeframe (6 h) selected for the continuous adsorption experiments did
not enable to calculate the maximum adsorption capacity of the filter.
Furthermore, effects of different surfactants during the filter prepara
tion, influent pH, and flow rate on the dye removal were not studied as
the present study focused on providing a proof-of-concept level confir
mation about the potential of using AABFS filter for water treatment.
Nevertheless, this study provided information about some of the
important parameters (e.g., amount of blowing agent and surfactant) to
consider when preparing an AABFS filter for adsorption application as
well as preliminarily promising performance data under realistic
wastewater treatment conditions (e.g., neutral pH, influent concentra
tion of MB, and contact time in filter).

Fig. 10. The possible mechanism for the adsorption of MB by AABFS.

successful. A similar method, 400 ◦ C for 2 h, was previously reported for
the regeneration of biomass fly ash-based geopolymer monolith used for
MB removal [66]. After the thermal treatment, the filter was used for a
second round of MB removal (5 ppm MB solution, EBCT 0.148 h). The
removal of physically adsorbed water up to 200 ◦ C could increase the
porosity and simultaneously the active sites for MB adsorption, which
was shown by Novais et al. [67]. After the thermal treatment, the MB
removal performance was enhanced, which was attributable to the in
crease in porosity by thermal treatment, as reported by Novais et al.
After 6 h, the filter showed 93% removal efficiency with initial removal
100% for 30 min, which reduced to 74% in the first round after 6 h. The
cumulative adsorption amount increased from 0.162 to 0.255 mg/g
after regeneration. After the second-round experiment, the regeneration
was repeated with similar parameters, and the filter was used for the
third round of MB removal. In the third round, after 6 h, the MB removal
was 92%, with an initial removal of 100% for 30 min, which was similar
to the value obtained in the 2nd round. The cumulative adsorption
amount was decreased slightly to 0.245 mg/g. These results are illus
trated in Fig. 9(B), based on which the regeneration of the AABFS filter
after MB removal could be achieved by thermal treatment and reused by
several times.
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4. Conclusions
Porous AABFS filters were prepared using five different surfactants
(SDS, CTAB, Triton X-100, Triton X-114, and Triton X-405). Each sur
factant type yielded different properties in terms of the mechanical
strength, porosity, and pore morphology of the filter. The optimum
surfactant type was non-ionic Triton X-405. The total porosities of the
optimized filter obtained using X-ray microtomography, gas pycnom
etry, and Archimedes method were 49.6%, 63.7%, and 64.6%,
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