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ABSTRACT
The remediation of water from organic pollutants, such as dyes and related com-
pounds and the reuse of discarded glasses, represents fundamental challenges in 
highly industrialized countries. Porous glass microspheres have been proposed 
as efficient adsorbents in wastewater treatment, but their real application is prob-
lematic, especially from the perspective of their reuse and recycling. For the first 
time, the present paper describes the process of preparation and use of highly 
porous bodies with a specific surface area of nearly 20  m2/g fabricated from alkali 
activated glass microspheres and applicable for the removal of methylene blue 
as a model organic dye from wastewater. Alkali activation is applied both as an 
intermediate step (using 9 M KOH) for the conversion of waste glass into porous 
microspheres by flame spheroidization process, and as a final step (using 2.5 M 
NaOH), facilitating low temperature consolidation of the microspheres, and their 
transformation into porous structures. The experimental adsorption capacity of 
porous glass microspheres pellet was 122 mg/g. The high correlation coefficient 
indicates the applicability of Langmuir isotherm adsorption model.
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Introduction

Glass microspheres are spherical particles which 
typically range from 1 to 200 μm in diameter and can 
be classified into three categories: solid, hollow and 
porous [1]. Solid microspheres are usually fully dense; 
hollow microspheres feature a relatively large void 
surrounded by thin solid walls and finally, porous 
microspheres exhibit a multitude of holes in the walls, 
so that the porosity is completely open [2].

Vast amounts of glass waste are generated in indus-
trial sectors around the world. Most of this glass waste 
is landfilled. Landfilling of unrecycled glass is one of 
the main reasons for ecological problems. The fabri-
cation of one ton of glass from raw materials results 
in 0.39 metric tons of  CO2: recycling glass waste can 
decrease greenhouse gas emissions from glass pro-
duction by around 37% [3]. Reusing turns into ‘upcy-
cling’ if waste glass-derived articles have a high added 
value. In this respect, transforming glass waste into 
porous glass microspheres represents an interesting 
option with high added value [4].

The value of waste glass-derived materials relies on 
the application. Glass microspheres present unique 
features such as high surface area, reactivity and 
hydrophilicity, which makes them interesting for 
purification technologies and environmental remedia-
tion [5]. In the latter field, the remediation of waters 
from organic contamination is of utmost importance. 
Synthetic dyes are released into wastewater from dif-
ferent industrial outlets, such as food coloring, cos-
metics, leather, textile industries, etc. Most of these 
industries utilize large quantities of dyes and release 
them as contaminants into the environment as waste-
water effluents. The industrial dyes and dyes-related 
compounds have a profound impact on aquatic life 
and ecosystems [6, 7]. They are extremely toxic to 
microbial populations and often carcinogenic, requir-
ing thorough removal from wastewater [8]. Methyl-
ene blue, used in a wide range of textile and printing 
materials [9], is particularly difficult to be extracted 
from water, due to the complex aromatic ring in its 
structure [10].

In general, dyes are categorized as anionic, cationic 
and neutral species, and their remediation by adsorp-
tion and/or photodegradation processes [11] are 
studied extensively [12]. Adsorption is considered an 
affordable and reproducible process for the removal 
of water contaminants. It is a surface phenomenon 
utilizing, in addition to chemical interactions, mainly 

surface physical interactions. A significant benefit of 
the adsorption is that it does not require any addi-
tional chemicals or UV radiation and is therefore 
recommended in water purification technologies [7, 
13]. When a solution containing an adsorbable sol-
ute comes into contact with a porous solid structure 
(adsorbent), liquid–solid attractive intermolecular 
forces lead to the solute being accumulated at the solid 
surface.

Currently established approaches of sorbent synthe-
sis, such as sol gel, spray drying and solvent evapo-
ration and polymerization, are often time-consuming 
and sometimes require a toxic solvent. The current 
work is for the first time dedicated to the exploitation 
of a simple, double alkali activation approach applied 
to waste glass from the manufacturing of insulating 
glass fibers, to produce highly porous sorbent materi-
als. As reported recently [4], suspensions of fine glass 
powders in alkaline solutions undergo gelation at 
nearly room temperature, owing to the partial disso-
lution of glass and condensation of reaction products. 
Powders from crushed dried suspensions are easily 
converted into hollow glass microspheres by flame 
synthesis: droplets of softened glass are foamed by the 
gases released by the decomposition of hydrated com-
pounds responsible for hardening. We will show that 
the activation/gelation approach can be duplicated for 
the easy manufacturing of pellets: the binding of glass 
microspheres is achieved without compromising the 
adsorption capability.

Materials and methods

Fabrication of porous glass microspheres

Residues from the production of fiber glass were sup-
plied by Johns Manville (Trnava, Slovakia). They con-
sisted of calcium alumino-boro-silicate glass, with the 
composition of (55.2  SiO2, 23.0 CaO, 13.6  Al2O3, 5.1 
 B2O3, 0.4  Na2O, 0.6  K2O, 0.9 MgO, 0.4  TiO2, 0.2  Fe2O3 
and 0.01  SO3 in wt%.), as determined by X-ray fluo-
rescence (XRF) analysis using a wavelength disper-
sive spectrometer (S8 TIGER 4 kW, Bruker, Billerica, 
MA, USA) equipped with an X-ray tube with Rh anode 
(30 kV and 100 mA). The fiber glass was crushed and 
sieved below 75 μm. Afterward, the fine powder was 
axially pressed into a pellet which was then used for 
chemical analysis.
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For the alkali activation, the glass fiber waste 
was first crushed and sieved below 40 μm. In the 
subsequent step, the glass powder was suspended 
in an aqueous solution (9 M) of KOH (Penta, Brati-
slava, Slovakia), at a solid loading of 65 wt%, under 
mechanical stirring (1 h at 500 rpm). The formed 
gel was poured into plastic containers (diameter 
10 mm) and left to dry at 75 °C for one day. The 
consolidation procedure was based on the results 
of our previous research [4]. The hardened dry gel 
was crushed into fine powder and was characterized 
by X-ray powder diffraction to analyze the phase 
composition.

The sieved alkali activated powders (40–80 μm) 
were fed into a methane-oxygen flame at the pres-
sure of 1.6 hPa, using  O2 as a carrier gas. Spheri-
cal molten droplets formed in a flame with esti-
mated maximum temperatures in the range of 
1500–1600 °C were quenched by deionized water 
to form porous glass microspheres. The produced 
microspheres were collected in a sedimentation tank 
and then filtrated by a ceramic filter with the pore 
size < 3 μm.

Fabrication of sorbent pellets

The obtained glass microspheres were used for the 
fabrication of sorbent pellets applicable as stationary 
filters, by applying a second alkali activation in a 2.5 M 
NaOH solution (Penta, Bratislava, Slovakia). The same 
solid loading of 65 wt% was used. The suspension of 
glass was mixed in polystyrene (PS) cylindrical tube 
(10 mm diameter) and dried at 75 °C for 24 h, before 
demolding. The obtained pellets were immersed in a 
methylene blue aqueous solution with the initial con-
centrations of 50–500 ppm for different contact times 
(0.5–12 h). The removal efficiency of methylene blue 
was investigated by measuring the absorbance of the 
residual dye solution after different contact times. 
The prepared pellets were also studied in terms of 
their recyclability. After the adsorption step, the pel-
lets were heated up to 150 °C for 3 h, and the phase 
composition was studied by XRD. The adsorption tests 
were repeated for five consecutive cycles, with each 
cycle being run four times to ensure the reproducibil-
ity of the obtained results. Figure 1 shows the sche-
matic diagram of the preparation process of porous 
glass microsphere pellets from waste glass and its 
applicability for methylene blue adsorption.

Figure 1  The schematic dia-
gram of fabrication of porous 
glass microsphere pellets for 
methylene blue adsorption 
prepared from waste glass 
fiber.
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Characterization of the sorbent pellets

The obtained materials after the first and second alkali 
activation were finely ground and analyzed using 
X-ray diffractometer Bruker AXS at room temperature, 
using Cu Kα radiation (λ = 1.5405 Å), in the 2θ range 
from 10 to 70°, 0.02°/step, 2 s/step and 40 kV/40 mA 
to analyze the phase composition. The morphology 
and the microstructure of the porous glass micro-
spheres were examined before and after applying 
alkali activation, using optical stereomicroscopy (Carl 
Zeiss Microscopy, Thornwood, New York, US) and a 
scanning electron microscopy (SEM, FEI Quanta 200 
ESEM, Eindhoven, The Netherlands).

Absorption infrared spectra of glass particles were 
recorded using an FT/IR-4200 Fourier transform infra-
red spectrometers (JASCO, USA). The absorption 
spectra were recorded in the wavenumber range of 
400–4000  cm−1, using a Standard Pike ATR cell. The 
specific surface area before and after second alkali 
activation was measured by  N2 physisorption at 
− 196 °C (ASAP 2010, Micromeritics, Norcross, GA, 
USA). Porous glass microspheres were degassed at 
150 °C, and the specific surface area was calculated 
in the relative pressure (p/p0) range between 0.05 and 
0.30 by applying the Brunauer–Emmett–Teller (BET) 
multipoint method. The geometric density of the pel-
let was estimated by considering the mass-to-volume 
ratio. The apparent and the true density were meas-
ured by a helium pycnometer (Anton Paar, Ultrapyc 
3000), operating on bulk or on finely crushed samples, 
respectively. The three densities were used to calculate 
the amounts of open and closed porosity.

Adsorption process

The adsorption activity of the prepared porous pel-
lets was investigated using methylene blue dye as a 
reference contaminant. The experiments were carried 
out using a 250 mL beaker with a porous glass pellet 
(100 mg) and 100 mL of the methylene blue solution 
with initial concentrations of 50–500 mg/L. All meas-
urements were carried out at room temperature. After 
the adsorption step, the pellet was separated. The con-
centration of the dye in the solution was determined 
using a UV–VIS spectrophotometer (Jasco V-650, USA) 
at the wavelength of 664 nm (λmax). The adsorption 
capacity (mg/g) of the dye was calculated using Eq. (1), 

where C0 represents the initial concentration of meth-
ylene blue (mg/L), Ce is the equilibrium concentration 
which equals the concentration of the dye remain-
ing in the flask (mg/L) at the end of the experiment, 
V is the volume of the used solution (L) and W is the 
weight of the pellet (adsorbent) (g).

To study the kinetics of the adsorption process, 
100 mg of the adsorbent pellet was immersed in 
100 mL of the methylene blue dye solutions with the 
concentrations of 100, 200 and 300 mg/L. The con-
centration of the dye in the solution was measured at 
the end of each time interval by UV–VIS spectropho-
tometry as specified above, until an equilibrium was 
reached.

Adsorption isotherm models

The effectiveness of the microspheres as a sorbent 
material was determined by their capacity to adsorb 
the dye. This capacity was determined by fitting the 
experimental data with a suitable adsorption isotherm, 
from which the Langmuir, Freundlich and Temkin 
adsorption isotherms are the most frequently applied. 
These three types of adsorption isotherm models were 
used for fitting the experimental data obtained in this 
work:

where qe, Ce, Qm and KL represent the equilibrium 
adsorption (mg/g), the equilibrium dye concentration 
(mg/L), the maximum dye capacity (mg/g) and the 
Langmuir equilibrium constant (L/mg), respectively. 
qf and n are the Freundlich constant (mg/g) and the 
heterogeneity factor, respectively, bT, AT, R and T rep-
resent the Temkin constant (J/mol), the Temkin iso-
therm equilibrium constant (L/g), the gas constant 
(8.3145 J/mol/K) and the absolute temperature (298 K), 
respectively.
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Kinetic models

Pseudo-first and pseudo-second-order models were 
applied to investigate the kinetic parameters of the 
adsorption of the methylene blue dye. The linearized 
form of the pseudo-first- and pseudo-second-order 
models are given below as Eqs. (5) and (6), respectively:

where qe and qt are the amounts of the dye adsorbed 
at the equilibrium (mg/g) and the amount of the dye 
adsorbed at the time t (mg/g), respectively. k1 and k2 
represent the first-order rate  (min−1) and the second-
order rate constants (g/mg min).

Thermodynamic parameters

The thermodynamic aspects of methylene blue adsorp-
tion onto porous glass microspheres pellet were 
assessed through the determination of thermodynamic 
parameters, namely Gibbs free energy change (ΔG°), 
enthalpy change (ΔH°) and entropy change (ΔS°). These 
parameters were computed employing the subsequent 
equations, illustrating the thermodynamic behavior of 
the adsorption process:

where Kd is the distribution coefficient; Ca is the 
amount of methylene blue adsorbed on the porous 
glass microspheres pellet at equilibrium, mg/L; Ce is 
the equilibrium concentration of methylene blue in 
solution, mg/L; T is the solution temperature, K; R is 
the gas constant.
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Result and discussion

Previous studies of alkali activation and gel casting 
[14–16] concluded that the hardening of glass suspen-
sions does not rely on the formation of a specific bind-
ing phase. Generally, when applying the same alkaline 
activator, the nature of the formed gel is related to 
the chemical compositions of the treated glass. Cal-
cium silicate hydrate (C–S–H) compounds are mainly 
formed for calcia-rich and alumina-poor glasses [17]. 
Sodium aluminum silicate hydrate (N–A–S–H) com-
pounds are characteristic of calcia-poor and alumina-
rich glasses [15].

XRD patterns before and after the first and second 
alkali activation are shown in Fig. 2. The precursors 
(fiber glass waste) were not fully X-ray amorphous, 
but contained a minor crystalline phase—unidenti-
fied by XRD due to the low intensity of the diffraction 
maxima. The alkali activation by 9M KOH resulted 
in the formation of tobermorite  (Ca5(Si6O16) (OH)2 
[PDF 89-6458], represented by the diffraction maxima 
at 2θ (29.77°, 32.4° and 43.2°), potassium carbonate 
hydrate [PDF 73-0470] with the maxima at 2θ (12.8°, 
32.38° and 32.66°) and potassium aluminum silicate 
hydrate [PDF 38-0216] with the main diffraction lines 

Figure  2  XRD patterns of the basic glass and glass micro-
spheres before and after the first and second alkali activation.
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at 2θ (13.54°, 18.68° and 30.19°). The formed hydrated 
compounds decomposed at elevated temperatures and 
released gases such as  CO2 and water vapor, which 
were responsible for the formation of porous struc-
tures of prepared glass microspheres [18]. The XRD 
analysis of the prepared porous glass microspheres 
after the flame synthesis confirmed their amorphous 
nature, indicating the decomposition of all hydrated 
compounds [19, 20].

The second alkali activation resulted in the for-
mation of sodalite  (Na8[AlSiO4]6(OH)2·2H2O) with 
the diffraction maxima at 2θ (26.26°, 31.83° and 
34.96°) [PDF 76-1639], sodium carbonate hydrate 
 (Na2CO3·10H2O) [PDF 25-0816] with the maxima at 
2θ (24.05°, 28.75° and 39.78°), along with tobermorite 
[PDF 89-6458] [21].

Ramteke et al. reported that alkali activation of 
fiber glass did not yield calcium silicate hydrate 

compounds at low concentrations of the alkali solution 
(1 M NaOH). Moreover, the obtained materials could 
be easily crushed due to the poor bonding between 
glass particles [18]. In the current study, using 2.5 M 
NaOH for alkali activation of glass microspheres led to 
partial dissolution of glass and therefore to the forma-
tion of strong bonds by forming mixed phases (soda-
lite, tobermorite and sodium carbonate hydrate).

SEM examination confirmed the differences in the 
microstructure of porous microspheres before and 
after the second alkali activation (Fig. 3). The higher 
molarity of the first alkali activation solution enhanced 
the formation of hydrated compounds, which were 
responsible for the gas release during the flame syn-
thesis. Porous glass microspheres are produced only 
if some gases remain released at the temperatures at 
which droplets of molten glass are formed. The acti-
vation with 9M KOH led to significant gas evolution 

Figure 3  SEM of porous 
glass microspheres before 
(a, b) and after 2nd alkali 
activation (c, d, e and f), the 
formed gel is marked by red 
arrows.
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from 800 to 950 °C [4]. The prepared porous glass 
microspheres are shown in Fig. 3a and Fig. 3b. Induc-
ing second alkali activation changed the microstruc-
ture to more porous via etching the surface (Fig. 3c 
and Fig. 3d) and forming the gel that connects the 
microspheres together. The formed gel is marked 
by red arrows in Fig. 3e. Moreover, Fig. 3f shows the 
formed crystalline phases (marked by red arrows) on 
the surface of porous glass microspheres.

The bulk density of the pellet was 0.85 g/cm3, while 
the apparent density and the true density were 2.42 
and 2.76 g/cm3, respectively. The total porosity of the 
prepared pellet reached 70%. The specific surface area 
increased from 8.6 (before etching) to 19.7 (after etch-
ing)  m2/g, which indicates increasing pore volume and 
higher number of adsorbing sites.

Adsorption isotherm studies

The calibration of methylene blue absorbance was con-
ducted by varying the initial methylene blue concen-
tration (0.5, 1, 1.5, 2, 2.5 mg/L). The results are shown 
in Fig. 4a. The absorption of the methylene blue by the 
pellet increased by increasing the initial concentration 
of methylene blue until an equilibrium (the plateau 
part) was achieved (Fig. 4b).

The interaction between the pellets prepared 
from porous glass microspheres and methylene blue 
dye was evaluated by equilibrium batch adsorp-
tion experiments. Equilibrium isotherms were 

determined using various initial concentrations of 
methylene blue (50–700 mg/L). The obtained data 
were then fitted by the Langmuir, Freundlich and 
Temkin adsorption isotherm models to predict the 
theoretical adsorption capacity (qe). The correspond-
ing parameters along with the regression coefficients 
are summarized in Table 1. Figure 4b shows the con-
centration dependence of the adsorption capacity of 
the pellet. At the initial dye concentration (50 mg/L), 
the adsorption capacity was 22 mg/g, respectively, 
increasing to 70 and 108 mg/g for the concentrations 
of 100 and 200 mg/L. At higher concentrations of the 
dye (300–700 mg/L), the equilibrium of 122 mg/g was 
achieved, as documented in Table 1 and Fig. 4b. The 
results compares well with what reported by Tsai 
and Horng [22], who transformed glass fiber waste 
into mesoporous zeolite-like nanomaterials.

As shown in Table 1, the fitting of the experimental 
data was better with the Langmuir isotherm model 
with R2 = 0.99 as compared to the Freundlich and 
Temkin model with R2 = 0.97 and 0.98, respectively. 
The obtained results can be thus described by the 
Langmuir model that assumes the adsorbent surface 
shows a finite number of adsorption sites. Another 
assumption is that there are no further interactions 
between methylene blue and the formed monolayer 
when the adsorbent surface reaches saturation [23, 
24]. The Langmuir monolayer maximum adsorp-
tion capacity was 144 mg/g. Freundlich and Temkin 

Figure 4  a The calibration curve relating the absorbance with the methylene blue concentration, b Isotherm plot for adsorption of meth-
ylene blue dye on porous microspheres pellet.
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adsorption isotherm models did not fit the results 
satisfactorily. For instance, a favorable adsorption 
process from Freundlich isotherm only could be 
assumed when the value of 1/n is less than 1 [25] 
which, as shown in Table 1, did not match the results 
obtained in this study.

Figure 5a and b shows the pellet prepared from 
porous glass microspheres before and after methylene 
blue adsorption. The pure white color of porous glass 
microspheres in Fig. 5c changed to dark blue after the 
maximum equilibrium dye adsorption was achieved. 
The examination of the pellet by optical microscopy 

after immersing it in the dye showed that the dye was 
evenly distributed all over the surface (Fig. 5d).

Specific indications concerning the nature of the 
compounds formed upon second alkali activation, 
may come from the FTIR spectrum, as revealed in 
Fig. 6. The wide peak in the 3000–3600  cm−1 interval is 
related to C–S–H gels [14], while O–H bending vibra-
tions are represented by the peak with the maximum 
around 1750  cm−1. At 1458  cm−1 a high intensity band 
attributed to the hydrate carbonate phase is visible 
for activated glass microspheres [15]. It is reported 
that the region between 900 and 980  cm−1 is assigned 

Table 1  Parameters of fitting the kinetics and adsorption isotherm data using Langmuir, Freundlich, and Temkin equations

Langmuir isotherm Freundlich isotherm Temkin isotherm

Qm (mg/g) R2 KL R2 qf (mg/g) 1/n R2 KT (L/g) bT (J/mol)

144 0.999 0.03 0.972 24.7 3.2 0.986 0.39 29.3

Initial dye concentrations Experimental Pseudo 1st order Pseudo 2nd order

qe (mg/g) qe (mg/g) K1  (min−1) R2 qe (mg/g) K2 (g /mg /min) R2

100 mg/L 70 27.6 0.004 0.895 53.8 0.026 0.995
200 mg/L 108 78.2 0.014 0.798 90.9 0.007 0.979
300 mg/L 122 42.8 0.035 0.937 125 0.002 0.999

Figure  5  A pellet prepared from porous glass microspheres a 
before and b after dye adsorption, c optical microscopy image of 
the pellet before d and after dye adsorption.

Figure 6  FTIR spectra of porous glass microsphere pellet before 
and after dye adsorption.
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to stretching vibration of free silanol groups, while 
1000–1260  cm−1 is related to asymmetric stretching 
vibrations of Si–O–Si bridging sequence [26]. After 
the methylene blue adsorption, the spectral bands 
at around 2720 and 2816  cm−1 can be assigned to the 
stretching vibrations of C–H and  CH3, whereas the 
peak observed at 1490  cm−1 can be attributed to the 
stretching vibration of the aromatic ring. The other 
functional groups related to methylene blue absorp-
tion are reflected by the –NH/–OH overlapped stretch-
ing vibration at 3443  cm−1, and the vibration of C–N 
at 854  cm−1 [27].

Adsorption kinetics studies

The influence of different initial concentrations of 
methylene blue (100, 200 and 300 mg/L) on the adsorp-
tion capacity of porous glass microspheres pellet (qe) 
is plotted in Fig. 7. The dye adsorption increased ini-
tially, then dropped, followed by a plateau toward an 
equilibrium. The increase in the initial dye concen-
tration led to an increase in the adsorption capacity. 
Pseudo-first- and second-order rate constants and the 
calculated adsorption capacities (qecal) were inves-
tigated from the models revealed in Table 1 along 
with the corresponding correlation coefficients. The 
adsorption capacity of the porous glass microspheres 

pellet followed pseudo-second-order kinetics, where 
the calculated adsorption capacities were close to the 
measured adsorption capacitates for the applied initial 
dye concentrations (100–300 mg/L).

In the first stage, the concentration of adsorbed 
methylene blue molecules gradually increased with 
increasing the adsorption time, reaching the maxi-
mum after 2 h (Fig. 7). From the second to fourth 
hour of adsorption, a slight desorption occurred until 
the adsorption reached an equilibrium after 5 h. The 
adsorption behavior of pellets prepared from porous 
glass microspheres was similar at all tested initial dye 
concentrations (100–300 mg/L). The highly efficient 
dye removal is attributed to increasing the adsorp-
tion capacity of the porous glass microspheres due to 
various aspects such as increased surface area, open 
porosity, interconnected channels and formed crys-
talline phases. The surface area of the porous glass 
microspheres after the second alkali activation was 
higher than that of the initial materials, which favors 
the adsorption of methylene blue molecules.

The thermodynamic parameters for the adsorption 
of methylene blue onto porous glass microsphere pel-
lets at different temperatures (298 K, 308 K, 318 K) and 
concentrations (100 mg/L, 200 mg/L, 300 mg/L) are pre-
sented in Table 2. The Gibbs free energy change (ΔG°) 
increased from negative to positive with increasing 
concentration, indicating a non-spontaneous adsorp-
tion process. This suggests that elevated temperatures 
are required to achieve maximum adsorption.

The positive ΔH° value confirms that the methyl-
ene blue adsorption process is endothermic. At lower 
initial concentrations, the adsorption process likely 
involves the dispersion of adsorbate molecules on the 
adsorbent surface. This dispersion increases entropy, 
as the adsorbate molecules have greater freedom 
of movement when dispersed compared to being 
clustered together. This implies weaker interactions 
among adsorbate molecules and between the adsorb-
ate and the surface, resulting in increased system dis-
order (entropy).

As the initial concentration of methylene blue 
increases, the available adsorption sites on the 
porous glass surface become progressively occupied. 
At higher concentrations, adsorbate molecules may 
interact more strongly, potentially forming clusters 
or layers on the surface. These interactions and the 
formation of ordered structures can lead to a reduc-
tion in entropy, indicating a more organized system 
with less randomness or disorder. This complexity 

Figure 7  Effect of dye concentration on the adsorption of meth-
ylene blue on the prepared pellet from porous glass microspheres 
by 2nd alkaline activation.
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underscores the influence of various factors, includ-
ing concentration, temperature, surface properties 
and intermolecular interactions, on adsorption pro-
cesses [28].

The diffusion of the dye through the interconnected 
pores of porous glass microspheres can occur within 
each microsphere due to their multiple entrance and 
exit points [29]. The partially charged activated glass 
microspheres interact electrostatically with the cati-
onic methylene blue species, in addition to forming of 
the hydrogen bonds [30]. This interaction facilitates 
the adsorption process, as illustrated in Fig. 8. Fur-
thermore, the formation of sodium aluminum silicate 
hydrate phase increases the adsorption capacity of the 
surface. Additionally, the carbonate phases can also 
act as adsorbent centers [30].

The decrease of intensities of Si–O–Si stretching 
vibration of the obtained glass microspheres could 
be attributed to the Lewis acid–base interaction 
between the  Ca2+ and basic components (N, S) of the 
methylene blue dye. FTIR analysis confirmed the 
presence of a variety of functional groups on the sur-
face of activated glass microspheres, that could act 
as binding sites for the potential attachment of dye 
molecules [31]. Converting glass waste into porous 
glass microspheres introduced some promising and 
unique characteristics, such as high surface area and 
active surface properties, are the main factors for 
being highly efficient adsorbents.

The regeneration of porous glass microsphere pel-
lets was achieved by heating them at 150 °C for 3 h, 
which resulted in the complete decomposition of the 
methylene blue species. The recyclability study was 
carried out to investigate the stability of the adsor-
bent (pellet). The recovered pellets were applied for 
repeated methylene blue adsorption tests performed 
under the same condition as the first adsorption 
cycle. A 6% decrease in adsorption capacity was 
observed after the fifth cycle, as shown in Fig. 9, indi-
cating that the regeneration process did not signifi-
cantly affect the textural properties of the substrate 
and the slight change of the sorbent mass [32]. XRD 
of the recycled pellet showed that the zeolite phase 
did not decompose (Fig. 2), which was the main rea-
son for bonding the particles to each other.

Table 3 shows a comparison between the adsorp-
tion capacities (qe) for methylene blue characterized 
in this study with other applied materials reported in 
the recent literature. The pellet of glass microspheres 
exceeded dye adsorption capacity of other adsor-
bents reported in the literature, with the exception 
of mesoporous zeolite-like material.

Table 2  The thermodynamic 
parameters of adsorption of 
methylene blue onto porous 
glass microspheres pellet

C0 (mg/L) T (K) Kd ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (KJ/mol K)

100 298 2.3779 − 2.1461 54.8846 0.1898
308 3.1487 − 2.9371
318 9.6494 − 5.9933

200 298 1.1817 − 0.4136 71.7358 0.2392
308 1.231 − 0.5321
318 7.4499 − 5.3094

300 298 0.6859 0.9341 36.081 0.1166
308 0.7396 0.7724
318 1.7286 − 1.4470

Figure  8  Methylene blue adsorption by porous glass micro-
spheres pellet.
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The reported adsorption capacity for methylene blue 
by a broad range of silica-based adsorbents, including 
as-prepared glass composite membranes, silica xero-
gel, pure silica, hollow silica and hydroxyl group silica 
aerogel, were in the range of 44–102 mg/g. In the pre-
sent work, the adsorption capacity of methylene blue 
by the pellet of porous glass microspheres was higher 
(122 mg/g) than in the reported studies, demonstrat-
ing that the obtained pellet is a suitable material for the 
adsorption of the cationic methylene blue.

Conclusion

Unrecycled fiber glass waste has been upcycled by 
the preparation of highly adsorbing pellets formed 
from porous glass microspheres. The flame sphe-
roidization process at 1600 °C was applied to con-
vert the glass waste into porous glass microspheres. 
Applying double alkali activation resulted in an 
enhancement of the number of pores and an increase 
in the specific surface area from 8.6 to 19.7  m2/g. The 
total porosity of the prepared pellet reached 70%. 
The pellets prepared from porous glass microspheres 
were found to be an efficient material in remediating 
higher methylene blue concentrations from water. 
The equilibrium and kinetic of adsorbing methyl-
ene blue by the pellet were successfully described 
by Langmuir isotherm and a pseudo-second-order 
kinetic, respectively. The calculated Langmuir mon-
olayer maximum adsorption capacity was 144 mg/g. 
The thermodynamic analysis of methylene blue 
adsorption onto porous glass microsphere pellets 
reveals that the process is non-spontaneous and ben-
efits from higher temperatures to achieve optimal 
adsorption. The endothermic nature of the adsorp-
tion, especially at lower concentrations, suggests that 
increased entropy results from dispersed adsorbate 
molecules, while higher concentrations promote 
stronger adsorbate interactions, leading to a more 
organized system with reduced entropy.
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Figure  9  Evolution of methylene blue dye adsorption capacity 
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Table 3  A comparison of the adsorption capacity for methylene 
blue dye of various adsorbents reported in literature

Adsorbent Adsorption 
Capacity 
(mg/g)

References

Glass as-prepared membrane 44.4 [33]
Silica Xerogel 51.9 [34]
Pure silica 102 [35]
Hollow silica 64 [36]
Hydroxyl group silica aerogel 47.2 [37]
Mesoporous zeolite (ZSM-5) 115 [38]
Mesoporous zeolite-like material 132 [22]
The present study 122
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