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Abstract

This study investigated the elaboration of novel porous absorbent granules by mixing powdered hydroxyapatite, metakaolin,
sodium metasilicate, polyethylene glycol, and sodium dodecyl sulfate (SDS), an anionic surfactant. The effect of sodium
dodecyl sulfate (SDS) was then studied by introducing it as a powder to the powdered mixture or dissolved into the granula-
tion fluid. Characterization of the granules indicated that the incorporation of SDS dissolved in the granulation fluid into
the G-PEG granules improved their specific surface area (97.9 m?/g) and porosity, resulting in a synergistic increase in
the adsorption of crystal violet and methylene blue dyes compared to G-PEG granules and hydroxyapatite or metakaolin
geopolymer alone. Moreover, the granules exhibited satisfactory compressive strength of 0.81 MPa, making them suitable
for large-scale adsorption columns. Finally, the regeneration process of the granules was modeled and optimized by using
surface response methodology based on Box—Behnken design. The granules could be regenerated for eight cycles under
optimum conditions of acetic acid concentration of 0.72 mol/L, a temperature of 323 K, and a contact time of 173.22 min,
without a significant loss in the adsorption capacity or degradation of the granules. These results suggest that the porous
granules prepared in this study have potential to be used in industrial wastewater treatment.
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Introduction

Hydroxyapatite (HAP), a major component of teeth
and bones, is the most extensively investigated calcium
phosphate ceramic both in biomedical and environmen-
tal fields (Meski et al. 2011). HAP exhibits remarkably
versatile properties, enabling its use in various applica-
tions depending on its microstructure, making it useful
in dental implants, scaffolds for tissue engineering, and
as an adsorbent in water treatment. HAP can be synthe-
sized using natural resources such as eggshells, shells,
fish bones and scales, animal bones, and algae (Teymouri
2018; Ziani et al. 2014). In wastewater treatment, HAP
can be used to separate several pollutants with very
promising equilibrium adsorption capacities (g,) such as
lead (g, = 698 mg/g) (Meski et al. 2011), zinc (g, = 450
mg/g) (Meski et al. 2010), copper (g, = 91 mg/g) (Wang
et al.2017), dyes (methylene blue (¢, = 328 mg/g)) (Peng
et al. 2019), Congo red (g, = 48 mg/g) (Panneerselvam
et al. 2019), and acid yellow (g,=213 mg/g) (Manatunga
et al. 2018). Furthermore, HAP is effective in adsorbing
emerging pollutants, such as ofloxacin (¢, = 27 mg/g) and
triclosan (g, = 130 mg/g) (Huang et al. 2016). However,
most existing studies have been conducted using powdered
HAP, and there is little research on HAP-based granules
as adsorbents (Chen 2023).

Geopolymers (GPs) are ceramic-like amorphous alumi-
nosilicates, formed by mixing an aluminosilicate precursor
(e.g., metakaolin) with an alkali-activator solution (e.g.,
sodium silicate). They have been extensively studied in
water and wastewater treatment as adsorbents, membrane
materials, filtration media, and catalyst support and for
solidification/stabilization of solid residues (Al Natsheh
et al. 2022; Luukkonen et al. 2020, 2019). Porous GP
composites can be produced through direct foaming (i.e.,
introduction of a blowing agent to produce gas bubbles),
addition of lightweight fillers, additive manufacturing,
reactive emulsion templating, particle compaction, or
mixed approaches (Zhang et al. 2021).

Recent research has explored the possibility of com-
bining HAP powder with a metakaolin GP (MK-GP) via
granulation to form adsorbent granules (Brahmi et al.
2024), improving their feasibility for practical water treat-
ment applications. In this study, a novel method for intro-
ducing porosity to HAP-MK-GP granules is proposed by
using polyethylene glycol (PEG) as a templating agent and
sodium dodecyl sulfate (SDS) as an anionic surfactant. This
approach aims to enhance the adsorption and surface prop-
erties of HAP-MK-GP granules using the anionic structure
of SDS, which has hydrophobic and hydrophilic functional
groups, allowing it to interact with organic compounds and
cationic pollutants, facilitating their removal from aqueous
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solutions. In addition, this study investigates the most effec-
tive approach to employ SDS, either as powder or as an
aqueous granulation fluid to reduce water surface tension
during the granulation process, which can enhance the even
distribution of water within the granulation mixture compo-
nents, ultimately improving the granule formation process.
The developed granules are demonstrated as potential
adsorbents for dye removal using cationic dyes, methylene
blue (MB), and crystal violet (CV), as model adsorbates
(either alone or from a binary solution), and their low-
cost regeneration is demonstrated and optimized using sta-
tistical design of experiments based on response surface
methodology (RSM) with Box—Behnken design (BBD).

Materials and methods
Chemicals

The raw materials used to prepare HAP were
Ca(NO;),*4H,0 (99% assay) and (NH,),HPO, (99.2%
assay) obtained from Biochem Chemopharma (Canada)
and Analar Normapur (Belgium), respectively. CV and
MB dyes were obtained from Sigma-Aldrich (China). HCI1
(0.1 N) and NaOH (0.1 N) solutions used to adjust pH
were obtained from VWR (Belgium). The raw materials
used to prepare porous MK-GP granules were metakaolin
(MetaMax, BASF, USA), solid anhydrous sodium meta-
silicate (Na,O (50.8 wt%), SiO, (46.7 wt%), and H,O (2.5
wt%); VWR Alfa Aesar, Germany), SDS obtained from
SIGM (China), and PEG with an average molar mass of
4000 g/mol obtained from Merck (Germany). Acetic acid
(1.0 N) obtained from Sigma-Aldrich (Germany) was used
for the regeneration studies.

Preparation of HAP powder

The HAP powder was synthesized using the co-precipitation
method described previously in the literature (Brahmi et al. 2024).

Preparation of porous HAP-MK-PEG/SDS granules

Three batches of granules were prepared, which are referred
to as G-PEG (i.e., with PEG and without SDS), G-PEG-SDS

(S) (i.e., with PEG and SDS added as a solid powder), and
G-PEG-SDS (L) (i.e., with PEG and SDS added as an
aqueous solution). The performance of reference granules
without PEG and SDS has been represented in a previous
study by the authors (Brahmi et al. 2024). First, HAP, PEG,
sodium metasilicate, metakaolin, and SDS (SDS only in
the G-PEG-SDS (S) granules) were mixed as dry powders
(Table 1), ground using a disc mill (Retsch RS 200) at a
speed of 1500 rpm for 5 min, and then placed in a high-shear
granulator (Eirich EL1). Afterward, deionized water (35 mL
for a dry solid mass of 80 g) was used as a granulation fluid
by adding it dropwise to the granulator using a granulator
pan mixing speed of 1200 rpm, granulator mixer plate speed
of 170 rpm, and granulator tilting angle of 30°. Granulation
was stopped when the granules were formed by visual
observation. The G-PEG-SDS (L) granules were prepared
by dissolving SDS (Table 1) in the volume of the deionized
water (V=35 mL), which was used as a granulation fluid.

Finally, the granules were cured at 333 K for 24 h. They were
then cleaned by mixing with distilled water (V=200 mL) at 358 K
and a mixing speed of 150 rpm for 5 h to remove PEG contained
in the granules (the operation was repeated three times). Subse-
quently, they were dried in an oven at 333 K for 24 h.

Characterization of granules

The functional groups of the as-prepared granules were identi-
fied using Fourier transform infrared spectroscopy (FTIR) in
the range of 4004000 cm™", with a spectral resolution of 200.
Analyses were performed using a Bruker Vertex v80 instrument
fitted with a Harrick Praying Mantis DRIFT cell. In addition, the
elemental composition of granules was obtained using an X-ray
fluorescence spectrometer (XRF) (PanAnalytical Minipal 4).

Thermogravimetric analysis (TGA) and differential
thermal gravimetric (DTG) analysis for the HAP and MK
powders and elaborated granules were performed using an
SDT 650 simultaneous thermal analyzer (a heating rate of
10 °C/min under nitrogen atmosphere).

The specific surface area and pore size were determined
using a Micrometrics ASAP2020 instrument and calculated
using the Brunauer—Emmett-Teller (BET) isotherm and the
Barrett-Joyner—Halenda (BJH) method.

The microstructural morphology and composition of the
samples were determined using a field emission scanning
electron microscope equipped with an energy dispersive

Table 1 Composition of the

Samples HAP (g) MK (g) Sodium meta-  PEG (g) SDS (g) H,0 (mL)
elaborated granules silicate (g)

G-PEG 61 18 18 3 0 35

G-PEG-SDS (S) 60 18 18 3 1 35

G-PEG-SDS (L) 60 18 18 3 1 35

@ Springer
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X-ray spectroscope (FE-SEM-EDS, Zeiss Ultra Plus). In
addition, the cross-sections of the granules were imaged
using an optical microscope (Leica MZ6 equipped with a
Leica DFC420 camera).

The mechanical strength of the granules was determined
using a Zwick Roell Z010 (10 kN load cell) instrument with
a loading rate of 1 mm/min. The granules selected for the
compression test were spherical with a diameter of 4 mm,
and measurements were performed for five granules from
each batch. The compressive strength (o, MPa) was calcu-
lated using Eq. (1), where F' (N) represents the peak force
and d (mm) represents the granule diameter.

c=4X —— 1)

Batch adsorption studies

First, a comparative study was conducted for the adsorption
efficiency of the granules and HAP and MK-GP powders.
Adsorption studies were conducted using MB and CV dyes indi-
vidually in aqueous solutions under the following conditions:
[dye], = 25mg/L, pH=7, granule mass per water volume = 2
g/L, dyyapyies = 4 mm, agitation speed =250 rpm, time=90 min,
and 7=298 K. After the comparative study, the G-PEG-SDS
(L) granules were used subsequently, because they have higher
adsorption capacity than the other granules.

The adsorption parameters (i.e., contact time
(0—180 min), mass of granules (14 g/L), and solution pH
(3—-10)) were optimized. Then, the selectivity of the gran-
ules was evaluated using MB and CV dyes at concentrations
ranging from 25 to 180 mg/L in aqueous solutions. In
addition, a binary mixture of MB and CV at different
concentrations (ranging from 15 to 100 mg/L, with both
dyes having the same concentration) was examined. The
conditions in the experiments assessing selectivity were as
follows: pH of 8, granule diameter of 4 mm, granule mass
per water volume of 3 g/L, agitation speed of 250 rpm,
contact time up to 180 min, and temperature of 298 K.

After each experiment, the water samples were centri-
fuged (Beckman Coulter J326XPI-IM-1) at 8000 rpm for
5 min, and the supernatant was collected and analyzed using
a UV-6300PC spectrophotometer (VWR, China) at the fol-
lowing wavelengths: 4,,; = 664 nm and A~y = 586 nm. The
calibration curves for MB and CV are shown in Figs. S1 and
S2 (supporting information). The dye removal efficiency y (%)
and the adsorption capacity, ¢, (mg/g), of the dyes were calcu-
lated using Eqgs. (2) and (3), respectively.

d —|d
(%) = M x 100, )
[dye],
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q; = ([dye]o - [dye]l) X —, (3)

\4
m
where [dye], and [dye], (mg/L) denote the initial
concentrations of the dyes (i.e., MB or CV) and their
concentrations at time ¢, respectively; V (L) represents the
volume of the solution; and m (g) represents the mass of the
adsorbent granules.

The selectivity of G-PEG/SDS (L) granules toward
the two dyes in a binary solution was evaluated using the
separation factor (al/z, Eq. (4)), which is defined as the
ratio of the equilibrium adsorption constants for the two
components (Shen et al. 2018).

K
a = —2Land K, = L @)
2 Kd,z C,

In Eq. (4), K, and K;,(L/g) denote the distribution
coefficients of the dyes between the adsorbent surface
and solution at the equilibrium, respectively; g, (mg/g)
denotes the adsorption capacity; and C, (mg/L) denotes
the concentration of the MB or CV dyes at equilibrium.

Rate-controlling step of the adsorption of dyes
Homogeneous particle diffusion model (HPDM)

The HPDM shown in Eq. (5), originally introduced by
Boyd et al. (Boyd et al. 1947), describes the rate-limiting

step, which can be controlled using either an intra-particle
or film diffusion mechanism (Benamor et al. 2008).

Y] 2.2
q, 6 1 —Z°r Dpt
X<t>=q_=1_§z?e"pl = ©)
¢ 7= 0

To describe the adsorption onto spherical particles and
when 0 < X,) <1, Egs. (6) and (7) are used as simplified
equations derived from Eq. (5) (Liu et el. 2008).

—ﬂzDit 03
Xy = |1—exp 2 , 6)
0
27%D
—in(1 = X,?) = 2k,t = —"1, )
r
0
k r?
. _ %%
with Dp =3

where X(t) denotes the fractional adsorption at time ¢, D[7
(m?/s) denotes the effective diffusion coefficient, ry denotes
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the radius of the granules (0.4 x 1073 m), Z represents an
integer, and k, denotes the diffusion rate constant (L/s).

When the rate of adsorption is controlled by the liquid film
diffusion, Eq. (8) can be used (Liu et el. 2008).

3D,C,
' f] @®)

=In(1-X,) =k;t= [
( (f)) I ry8C,
kry5C,

with Df = s
’ 3C

where D, (m?/s) denote the film diffusion coefficient in the
liquid phase, k represents the diffusion rate constant (L/s), C;
(mg/L) denotes the equilibrium concentration of MB and CV
in the solid phase (granules), and 6 denotes the film thick-
ness, which was estimated to 107> (m) (Yu & Luo 2014).
The graphs of —In(1 — X,,*) and —In(1 — X, ) were used
to determine the values of K » and Kf, respectively, for different
concentrations of MB and CV dyes in the binary dye mixture,
and the slopes of the fitted lines were used to determine the
effective diffusion coefficient D, (m%/s) and Dy, (m?%/s).

Modeling of kinetic and isotherm data
The experimental kinetic data were fitted to the pseudo-first-

order and pseudo-second-order kinetic models (Egs. (9) and
(10), respectively) (Brahmi et al. 2024).

q,=q, % [1 —exp(—k;7)]. )
I
G e v U (10)

where k; (min~') denotes the pseudo-first-order rate constant
and &, (g/(mg X min)) denotes the pseudo-second-order rate
constant.

Three adsorption isotherm models, Langmuir, Freundlich,
and Redlich—Peterson, were used to interpret the equilibrium
data (Egs. (11), (12), and (13), respectively) (Brahmi et al. 2024).

_ (’ImaxKLCe 11
qe KLCe + 1 > ( )
1
q. = KrC;, (12)
g = —rCe 13
© a4

where ¢,,,, (mg/g) denotes the Langmuir monolayer
adsorption capacity, K; (L/mg) denotes the Langmuir
adsorption constant, and KF(mgl_Z X L /g) and L denote
the Freundlich constants and the partitioning coélfﬁcient,

respectively, related to surface heterogeneity; K, (L/g),
ap (L/mg), and f denote the Redlich—Peterson isotherm
constants.

Furthermore, the validity of the data fitting to the isotherm
models was evaluated using the root mean square error
(RMSEC).

2
r.z_ ( e'zxp _ pred)
RMSEC = \/Z’—l q’N i 0 (14)

where ¢°* and qf’red denote the obtained and predicted values
of the adsorption amounts, respectively, and N represents the
number of experiments. A lower RMSEC value indicates a
good prediction capability of the model.

Box-Behnken optimization of regeneration
parameters

The regeneration experiments were conducted using ace-
tic acid for the G-PEG/SDS (L) granules and MB dye. The
regeneration parameters were optimized using the BBD design
while minimizing granule mass loss during the regeneration.
Three independent variables were investigated: the acetic acid
concentration (0.2—-1 mol/L) (x,), temperature (294-338 K)
(x,), and contact time (30—180 min) (x;). The regeneration effi-
ciency was calculated as weight-% of desorbed dye. The mass
loss (as weight-%) was calculated after drying the regenerated
granules overnight at 313 K.

Results and discussion

Morphological, microstructure, and mechanical
properties of G-PEG/SDS granules

The FTIR spectra of HAP, MK-GP, and the granules pre-
pared using PEG and SDS (solid or aqueous solution) are
shown in Fig. 1. Each granule sample exhibits the charac-
teristic absorption bands of both HAP (Meski et al. 2011;
Ziani et al. 2014) and MK-GP (Luukkonen et al. 2019;
Zenabou et al. 2019; Medri & Ruffini 2011). Furthermore,
the peaks at 2841 and 1083 cm™! (in the spectrum of
G-PEG/SDS (S and L)) represent the symmetric stretching
vibrations of the C—H bond and the stretching vibrations
of the S=0 bond of SDS (Zhang et al. 2023). This indi-
cates that SDS was integrated into the granule structure
and not removed during granule cleaning. The addition of
SDS as a solid powder caused the stretching vibration of
PO, tetrahedral units in HAP to shift from 1200 toward
1250 cm™!, as observed in the spectra of G-PEG/SDS (S).
Moreover, the XRF data show a slight decrease in the P
content of the granule (Table S1, supporting information).

@ Springer
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Fig. 1 FTIR spectra of a HAP
and MK-GP powders and b (a)
G-PEG, G-PEG/SDS (S), and OH
G-PEG/SDS (L) granules \
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This may be due to the dissolution of SDS during gran-
ule preparation by the addition of deionized water as a
granulation fluid, resulting in an interaction between PO,
groups of HAP and SO, groups of SDS.

Understanding how the elaborated granules react to
temperature changes is critical for ensuring reliability,
performance, and safety in a wide range of industrial
applications. Moreover, it allows consideration of the

@ Springer
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appropriate approach to regenerate these granules (i.e.,
physical, chemical, or a combination of the two). The TGA
and differential scanning calorimetry (DSC) thermograms
shown in Fig. 2a, b illustrate the thermal behavior of HAP
and MK-GP powders and the different elaborated granules.

According to the figures, the DSC and TGA
thermograms of HAP powder (Fig. 2a) show two weight
losses (12 and 9 wt%), accompanied by endothermic peaks
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(at 250 °C and 470 °C). These weight losses are due to
the evaporation of physisorbed and chemisorbed water
molecules and the departure of synthesis residues. Above
480 °C, HAP generates a stable phase unlike MK, which
records this stability throughout the range of heating tem-
perature variation.

Moreover, as shown in Fig. 2b, the addition of SDS,
either in liquid or solid form, to the G-PEG elaborated
granules increases their decomposition by 8.79%. The
increase in mass loss is mostly due to the disappearance
of the long alkyl chain from SDS molecules (Lun et al.
2014). The presence of SDS reduces the surface tension
of water, which can enhance its uniform dispersion into
granules, thereby improving the process of removing PEG
present in the granules and resulting in the elaboration of
high-porosity granules.

Temperature (°C)

The G-PEG/SDS (S/L) granules decompose in two
steps: the first with 4 wt% in the 100-280 °C range, with
an endothermic DSC signal at 120 °C, and the second with
14.5 wt%, with endothermic and exothermic DSC signals
at 300 °C, 350 °C (the G-PEG/SDS (S)), and 370 °C (the
G-PEG/SDS (L)). This is due to the loss of chemisorbed
water molecules and the disappearance of the long alkyl
chain from SDS molecules (Zhang et al. 2023). These
findings suggest that chemical methods should be used
to regenerate G-PEG/SDS (S/L) granules to prevent the
breakdown of SDS.

The morphology of granules prepared using PEG
and SDS (S or L) was assessed using SEM and optical
microscopy. The results (Fig. 3) reveal highly porous gran-
ules with an asymmetric structure with a dense top layer
and a porous sublayer with different pore sizes and forms.

@ Springer
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Fig.3 SEM micrographs and
optical microscope photographs
of elaborated granules

G-PEG

The pore structure can be explained using the PEG
removal process (described in the “Preparation of porous
HAP-MK-PEG/SDS granules” section): at 358 K, PEG
in the granules undergoes liquefaction, resulting in the
formation of pores within the granules.

The N, adsorption/desorption isotherms and BJH pore
size distribution for the HAP, MK, G-PEG, and G-PEG/
SDS (S/L) granules are shown in Fig. S3 and Table 2,
respectively.

The isotherms shown in Fig. S3 can be classified as type IV,
indicating capillary condensation, and exhibit type H3 hystere-
sis, characteristic of mesoporous materials with irregular-shaped
pores (Brahmi et al. 2024). This illustrates that the adsorption by

@ Springer
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G-PEG/SDS (L)

External surface External surface

100pm
—

the elaborated granules gradually increases from low pressures
(approximately 0.01-0.45) and then sharply increases from 0.45
and above because of significant particle porosity. Comparing
the volume adsorbed and the broadest desorption branch, the
granules yield identical values and shapes.

However, the BJH pore size distribution (Fig. S3:
inset) confirms that the mesopores (between 2 and 50 nm)
dominate the pore structure of the granules (Brahmi et al.
2024).

Moreover, the granulation of the HAP and MK powders
significantly affected their physical characteristics, altering
particle arrangement, causing pore formation, influencing
particle packing, and potentially creating a more complex
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Table 2 Specific surface area,
porosity, and mechanical

parameters of HAP, MK, and
the elaborated granules

Samples G-PEG G-PEG/SDS (S) G-PEG/SDS (L) HAP MK
Average diameter d, (mm) 42+0.1 4.1+0.1 42+0.1 - -
Specific surface area (m%/g) 73.08 85.25 97.89 31.20  10.74
Total pore volume (cm’/g) 0.30 0.33 0.32 0.065 0.05
Mean pore diameter (nm) 16.79 15.89 13.27 11.82 21.82
Frax N) 46.83+0.4 44.31+0.3 42.03+0.6 - -
Compressive strength (o) (MPa)  0.91+0.2 0.85+0.4 0.81+0.1 - -
Deformation at F,, (%) 3.08+0.3 4.26+0.3 4.62+04 - -
Young’s modulus (MPa) 16.69+0.3 15.23+0.2 15.08+0.4 - -

structure, which contributes to the observed increase in the
specific surface area (Table 2 and Fig. S3).

Furthermore, the results reported in Table 2 indicate that
the incorporation of SDS, either in liquid or solid form, into
the G-PEG granules reduces the pore size and increases the
surface area (an increase of 16% when solid SDS is used
and 33% when dissolved SDS is used compared with gran-
ules without SDS). In general, a larger surface area implies
improved adsorption properties.

The results of the mechanical compression test for the
granules are displayed in Table 2. The G-PEG granules had
the highest compressive strength and Young’s modulus of
0.81 and 15.56 MPa, respectively. The higher mechanical
strength is due to their lower porosity than that of the other
granules (G-PES/SDS (S or L)).

Adsorption of MB and CV onto granules

The results of the comparative study between HAP, MK-GP,
and the granules and the effect of SDS (S/L) on G-PEG
granules are presented in Fig. 4. The results reveal that HAP
alone does not adsorb either MB or CV dye. Conversely,
MK-GP has an affinity to remove both dyes because of its
negative surface charge. The granulation process of HAP
and MK without SDS decreased the absorbed amount of MB
and CV dyes compared with MK-GP. This can be explained
by the decreased amount of MK-GP in the granules com-
pared with that of MK-GP, which decreased the number of
responsible active sites for MB and CV absorption.
However, the incorporation of SDS by dissolving itto a
granulation fluid (i.e., G-PEG/SDS (L) granules) resulted
in a synergistic increase in the adsorption of both MB
and CV dyes compared with using HAP or MK-GP alone.
Using the SDS solution as a granulation fluid reduces the

Fig.4 Adsorption capacity of
HAP, MK-GP, and elaborated %
granules for MB and CV dyes 12 rl////A MB
alone in aqueous solution. WA cv
Conditions: [dye] 0 =25mg/L, -
granules mass=2 g/L, pH of
dye, dyrapuies = 4 mm, agitation 9l
speed =250 rpm, time =90 min,
and T=298 K
=)
~
(o))
E 6
o
3k
0 %

HAP

MK-GP G-PEG G-PEG/SDS (S)  G-PEG/SDS (L)
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surface tension of water, which can enhance its uniform
dispersion into the forming granules, thereby leading to
more efficient dissolution of sodium metasilicate and GP
binder formation (Ramimoghadam et al. 2012). Moreover,
this enhanced the porosity and surface area of the granules
(Table 2) and improved the adsorption performance.

MB and CV dyes are weak bases with pK, values of
2.6 and 9.4, respectively (i.e., they exist in the mono
protonated (BH™) and di-protonated (BH?*) forms)
(Lun et al. 2014; Li et al.2022). As pH increased, MB
and CV uptake increased, reaching its maximum at
pH = 8(Fig. 5a). This is due to the increased electrostatic
attraction between the negatively charged granule surface
(pH,,.=7.23 (Fig. 5b), i.e., the granules have a negative
surface charge at pH higher than pH_,.) and cationic MB
and CV molecules.

Adsorption capacity and removal efficiency are influenced
by the adsorbent dosage. Figure 5c shows that as the dosage
increases from 1 to 3 g/L, the adsorption capacity increases
to 18.6 and 23.3 mg/g for MB and CV, respectively.

pzc

Effect of dye concentration on adsorption

As shown in Fig. 6a, the adsorption of MB and CV dyes was
faster during the first 5 min, and equilibrium was reached
after 30 min. The quick equilibration time can be explained
by the high porosity and specific surface area of the G-PEG/
SDS (L) granules (as demonstrated by the SEM and BET/
BJH results). Moreover, the adsorption amount of dyes sig-
nificantly increased (from 7.3 to 34.8 mg/g for MB and from
7.4 t0 45.2 mg/g for CV) as the initial dye concentration was
increased. This can be ascribed to an increase in the driving
power required to transport dye molecules from the solution
to the solid surface (Bensedira et al. 2022).

Selectivity of G-PEG/SDS (L) granules toward dyes

The binary solutions of MB and CV dyes at different
concentrations (15-100 mg/L, the original concentration
ratio of each mixed dye in the solution was set to be 1:1)
were used to evaluate the selectivity of G-PEG/SDS (L)
granules for cationic dye adsorption under the aforemen-
tioned optimal conditions. The adsorption efficiency in the
dye mixture solutions decreased compared with that in the
individual solutions of each dye. This observed deviation
is explained by the fact that both MB and CV dyes com-
pete to occupy the available adsorption sites on the mate-
rial surface. Moreover, the results indicate that, especially
at concentrations higher than 50 mg/L, the granules had a
stronger affinity for adsorbing CV than MB (Fig. 6b). This
behavior can be attributed to the lower diffusion coefficient
of CV than MB, as indicated in Table S2. When the dye
concentrations are lower than 50 mg/L, both MB and CV
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have the same diffusion coefficients, because of less steric
hindrance and a large concentration gradient; both MB and
CV molecules are expected to move more swiftly within the
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Fig. 6 Effect of initial @)
. L A
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solution, leading to similar adsorption behaviors. However,
as the concentration increases beyond 50 mg/L, the diffusion
coefficient of CV dye becomes lower than that of MB
dye, making it more difficult for MB molecules to diffuse
through the solution and reach the granule surface. This can
be attributed to the fact that the positively charged sites of
CV molecules may interact more easily with the negatively
charged surfaces of the granules compared with MB groups,
facilitating CV diffusion.

Moreover, the separation factor values (Table 3)
demonstrate that the granules have a stronger affinity for
CV dye from a binary mixture than for MB dye.

Fitting of kinetic and adsorption isotherm models
to data

Figure 7 and Table 4 illustrate the fitting of kinetic and
isotherm models to the adsorption data on G-PEG/SDS (L)

granules. The results indicate that the adsorption of MB
and CV dyes, individually or in a binary mixture, onto the
G-PEG/SDS (L) granules follows the pseudo-second-order
kinetic model and Langmuir or Redlich—Peterson isotherms.

Table 3 Separation factors (a) for CV and MB in binary dye
solution at various dye concentrations. Conditions: pH=8§, gran-
ule mass=3 g/L, dy,ues =4 mm, agitation speed=250 rpm,

time =180 min, and 7=298 K

The initial concentrations of MB and CV  ayg,cv Acy/mB
in binary dye mixtures (mg/L)

25 0.95 0.97

50 1.02 1.12

75 0.41 2.38
100 0.49 2.01
125 0.89 1.11

MB/CV MB in binary dye mixture, CV/MB CV in binary dye mixture
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Fig.7 Isotherm and kinetic

models fitting to experimental 50 - @  Data-Experimental (CV) (a)
data for MB and CV dyes a [* ] Data-Experimental (MB)
individually in aqueous solution i
and b in binary mixture. Langmuir o
Conditions: pH =8, adsorbent 40 - Freudlich
mass =3 g/L, dyppyies =4 mm, .
agitation speed =250 rpm, Redlich-Peterson
time =180 min, and T=298 K
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—
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These findings suggest that the surface of the G-PEG/SDS
(L) granules is homogeneous. All sites are equivalent,
and each site can hold at most one cationic dye molecule
(monolayer coverage only). There are no interactions
between sorbate molecules on adjacent sites (Brahmi et al.
2024).

@ Springer

Experimental design and statistical analysis

Modeling of G-PEG/SDS (L) granule regeneration efficiency
response

Statistical modeling was performed to investigate
the effects of independent variables (i.e., acetic acid
concentration, time, and temperature) and their mutual
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interactions on the regeneration efficiency of G-PEG/SDS
(L) granules. In this context, a mathematical second-order
quadratic polynomial model based on the RSM-BBD
modeling was established using the experimental results
of Table 5.

According to the analysis of variance data (Table S3),
the adequacy of the proposed model to describe G-PEG/
SDS (L) regeneration efficiency was confirmed by a
small p-value (<0.05). Thus, the regression polynomial
model for G-PEG/SDS (L) regeneration efficiency can
be expressed as follows (Eq. (15), see Table 5 for the
explanation of x|, x,, and x;):

$ =91.97 +2.70x, — 3.76x, + 3.36x; — 1.86x,x,

— 12.32x,x; — 4.36x7 — 3.06x5 — 4.37x7. (13)

Fig. S4 (a) illustrates the relationship between the
measured and predicted G-PEG/SDS (L) regeneration
efficiency. The data were distributed around a straight
line (R* = 0.99), which unambiguously demonstrates
the adequate correlation between the experimental and
statistically predicted responses (AitAli et al. 2023).
Furthermore, residual analysis, as shown in Fig. S4 (b),
indicates that the predicted values and the residues have
no relationship. Thus, the prediction model (Eq. (15)) can
be used to explain the statistical results and predict the
optimum conditions using RSM.

Study of model

The model discovered that all variables have an effect
on granule regeneration (p <0.05). The acetic acid
concentration (x,) and contact time (x;) have a positive
influence on desorption efficiency with coefficients
b, =2.70 and b; = 3.36, respectively, whereas the tem-
perature has a negative influence (b, = —3.76). High
temperatures accelerate the degradation of the granules,
decreasing their structural integrity and performance.

Moreover, the regression model revealed the exist-
ence of slightly negative interactions between acetic acid
concentration and temperature (x,,) and contact time (x;5).

To improve comprehension of the results, the predicted
model (Eq. (15)) derived from BBD is illustrated in Fig. 8 as
three-dimensional response surface plots. These plots, gen-
erated using MATLAB, serve to identify the optimal values
of the operating parameters that yield the highest G-PEG/
SDS (L) regeneration efficiency.

Figure 8a shows that an increase in acetic acid
concentration (xl ) and contact time (x3) positively influences
the response, leading to an increase in G-PEG/SDS (L)
regeneration efficiency. Extended contact times and elevated
concentrations of acetic acid increased the diffusion of acetic
acid within the granules, enhancing regeneration processes.

Furthermore, according to the curves shown in Fig. 8b,
c, at high temperatures (x, > 313 K), it is recommended to
minimize the contact time (x; < 180 min) and work with

Table 5 Experimental design

X N Values of parameters (coded experiment matrix) Measured Predicted Residue

matrix developed using RSM- response response

based BBD model: variables, - - - - R

levels, and response Xx,, acetic agd X,, temperature (K) X3, time (min) vy (%) V(%) E
concentration (mol/L)
02(-1) 298 (0) 180 (0) 90.36 89.86 0.5
02(-1) 313 (0) 120 (- 1) 64.25 64.83 —0.58
02(-1) 313 (0) 240 (1) 95.86 96.21 -0.35
02(-1) 328 (1) 180 (0) 86.53 86.07 0.46
0.6 (0) 298 (= 1) 120(-1) 90.56 90.46 0.1
0.6 (0) 298 (= 1) 240 (1) 98.25 98.38 -0.13
0.6 (0) 313 (0) 180 (0) 92.69 91.97 0.72
0.6 (0) 313 (0) 180 (0) 91.25 91.97 -0.72
0.6 (0) 313 (0) 180 (0) 91.89 91.97 —0.08
0.6 (0) 313 (0) 180 (0) 92.05 91.97 0.08
0.6 (0) 328 (1) 120 (- 1) 84.26 84.12 0.14
0.6 (0) 328 (1) 240 (1) 89.56 89.65 —-0.09
1(1) 298 (- 1) 180 (0) 98.56 99.01 —-0.45
1(1) 313 (0) 120 (- 1) 95.25 94.89 0.36
1(1) 313 (0) 240 (1) 77.56 76.97 0.59
1(1) 328 (1) 180 (0) 87.25 87.74 —0.49
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Fig.8 Response surface and iso-response plots showing the effects of a acetic acid concentration and contact time, b temperature and contact
time, and ¢ acetic acid concentration and temperature on MB dye regeneration efficiency

a low acetic acid concentration (x; < 0.6 mol/L). As the
temperature (x,) and contact time (x3) increase, the ratio
of acetic acid inside the granules increases rapidly. This
can cause a new reaction between the granule components
(SDS, HAP, and MK-GP) and acetic acid, decreasing the
number of active sites responsible for MB adsorption,
thereby reducing regeneration efficiency. The optimal
values were determined at an acetic acid concentration of
0.72 mol/L, a temperature of 323 K, and a contact time
of 173.22 min. Duplicate confirmatory experiments were

conducted using the optimized parameters. These param-
eters resulted in a measured regeneration rate of approxi-
mately 93.86% compared with the predicted granule
regeneration rate of 90.89%.

G-PEG/SDS (L) granules were regenerated up to eight
times without significant degradation (Fig. 9). However,
after the eighth cycle, the rate of degradation increased
because of treatment conditions, probably causing HAP
dissolution.
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Fig. 9 Regeneration efficiency
and granule degradation under
optimal conditions: acetic acid

concentration of 0.72 mol/L,

temperature of 323 K, and

contact time of 173.22 min
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Comparison of the obtained granules

with the previously developed adsorbents

in the literature

This section compares the properties (i.e., surface area (SAA),
adsorption capacity (¢,,,,), and regeneration potential) of
G-PEG/SDS (L) developed granules to traditional powdered

Cycle number

adsorbents like MK-GP and HAP, as well as other relevant
adsorbents in the literature. Table 6 summarizes the compara-
tive analysis performed.

The results (Table 6) indicate that the G-PEG/SDS (L)
developed granules have a high surface area and are cost-effec-
tive, making them a viable choice for industrial water treatment
when compared to traditional powdered adsorbents, as well as

Table 6 Comparison of the properties of G-PEG/SDS (L) granules with the previously developed adsorbents in the literature

Adsorbent

Type

dyes SAA (m%*g) ¢, (mg/g) Equilibrium time (min) Regeneration Ref

MK, HAP, PEG, SDS

MK, potassium-disilicate
activating solution

Metakaolin and slag
MK-GP

HAP
Biochar-supported HAP
Bio-HAP/MgO
Unmodifed HAp

Other adsorbents

Palm kernel fiber

Zirconium silicate, SDS

Montmorillonite/magnetic
Ni-Fe,0,-amine-func-
tionalized chitosan

CaO/g-C;N,-based nano-
composite

Granules (4 mm)

Granules (2 mm)

Powder
Solid monolith
Powder
Powder
Powder

Powder

Powder

Powder

Powder

Powder

MB
Cv
MB

MB
CvV
MB
MB
CvV
CvV

CvV
MB
CvV
MB
Ccv
MB

CvV
MB

50-98

16

45
27-62
N/A
26-127
154
N/A

N/A

4-6

N/A

N/A

35
45
35

27
26-38
21
43

80
95
39
38
118
137

458
612

30 (298 K) MB (8 cycle) This study

CV (N/A)
N/A N/A Medri et al. (2020)
120 (298 K) N/A Feng et al. (2021)
120 (328 K) N/A Barbosa et al. (2018)
20 (298 K) N/A Aaddouz et al. (2023)
800 (298 K) 4 cycles Li et al. (2018)
40 (298 K) 5 cycles Foroutan et al. (2020)
90 (298 K) N/A Amer Ali et al. (2023)
60 (298 K) N/A El-Sayed (2011)
30 (298 K) N/A Mahmoud et al. (2019)
30 (298 K) 10 cycles Gomaa et al. (2022)
240 (298 K) N/A Younis et al. (2016)
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other adsorbents. While some of these alternatives demon-
strate superior adsorption capacity for removing MB and CV
dyes, they face limitations in industrial applications primarily
due to the challenges associated with handling powders. In
addition, unlike G-PEG/SDS (L) granules, these alternative
adsorbents can only be regenerated five times maximum.

MK metakaolin, HAP hydroxyapatite, SDS sodium dode-
cyl sulfate, PEG polyethylene glycol, MB methylene blue,
CV crystal violet, N/A not variable

Conclusions

In this study, a novel granulation procedure was developed
to obtain granules suitable for an adsorption application. The
granulation method utilizes metakaolin geopolymer as a reac-
tive binder for hydroxyapatite powder. The novel aspects are
the use of PEG as a porogen agent and SDS dissolved in the
granulation fluid (i.e., deionized water) which enhanced the
granulation by reducing water surface tension. It should be
noted that the proposed preparation method is versatile and
can be applied to various geopolymers and alkali-activated
materials, including lightweight artificial sound-absorbing
acoustic panels, filtration materials, biofilm carrier materials,
and catalyst support materials. It is expected to be simpler to
scale and implement compared to previous methods (Valen-
tina et al. 2020; Brahmi et al. 2024), and granule properties
can be easily adjusted.

The adsorption selectivity study revealed that the G-PRG-
SDS (L) granules exhibited higher adsorption toward CV
than for MB. The maximum adsorption capacities (gy,,y)
were 34.8 mg/g for MB and 45.2 mg/g for CV when the
dyes were in present alone in an aqueous solution. In con-
trast, the maximum adsorption capacities were 23.5 mg/g for
MB and 25.5 mg/g for CV when they were present together
in a binary dye solution. Moreover, their adsorption either
individually or in binary dye solutions followed the Lang-
muir isotherm model. The adsorption kinetic data indicated
that the adsorption followed the pseudo-second-order kinetic
model and was governed by film diffusion (D, =1.37 X 10710
and 2.34 x 107" m?/s for CV and MB dyes, respectively).

The optimization of the regeneration process of granules
with acetic acid revealed that increasing the acid concentra-
tion and contact time improved the regeneration efficiency.
The optimal values were 0.72 mol/L acetic acid concentra-
tion, 323 K, and 173 min contact time. Duplicate confirma-
tory experiments showed a regeneration rate of 94%, com-
pared to the predicted rate of 91%. The granules could be
regenerated for up to eight times without significant degrada-
tion. These results suggest that the porous granules prepared
in this study have potential to be used in industrial wastewater
treatment.

Recommendations for future work

The future research on the developed adsorbent granules
should consider the following aspects:

e The granulation method could be still further developed
by combining both PEG and SDS in the granulation fluid.

e The regeneration process by combining a chemical and
thermal approach could be explored.

e The adsorption capacity of the granules may be too low
if treating wastewater containing a high load of dyes.
Thus, adsorption alone may not be sufficient as a treat-
ment process. Therefore, combining adsorption with
other methods such as electrocoagulation (Al-Qodah
et al. 2024), biological treatment and others should be
considered for future studies to enhance the treatment
efficiency.
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