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Abstract

This work investigates the effects of hydrochar (HC) derived from Cuscuta (dodder), an invasive plant, on the textural, struc-
tural, morphological, and porosity properties, as well as the adsorptive performance of pozzolan-based alkali-activated geo-
polymers for the removal of crystal violet (CV) dye from saline water. The geopolymer-hydrochar composites GP, GP; 5 yc,
and GPj 4 were prepared by replacing 0%, 2.5%, and 5% of the pozzolan with hydrochar, respectively. X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), N, adsorption, and scanning electron microscopy (SEM) analyses
were used to assess the effects of HC on the mineralogical profile, functional groups, structure, morphology, and texture of
the pozzolan-based geopolymers. Batch adsorption experiments were conducted to evaluate CV removal by these composites.
Incorporation of 2.5% and 5% HC produced morphologically distinct composites but did not affect the geopolymerization
reaction, as no new mineralogical phases were observed. The addition of 5% HC resulted in~27% decrease in specific surface
area, from 20.00 to 14.66 m?*/g, while achieving ultrahigh adsorption capacities ranging from 24 to 5896 mg/g in saline water.
Salinity enhanced the adsorption capacity 7-11-fold compared with non-saline water, attributed to decreased CV solubility,
shifts in ion-exchange equilibrium favoring cation uptake, and electrostatic shielding in saline media. R* values > 0.90 and
low X2 error function values indicated that the Langmuir—Freundlich and Genuine Halsey isotherms best fit the equilibrium
data in both non-saline and saline water. Overall, the results demonstrate that geopolymer—hydrochar composites are promis-
ing candidates for the removal of CV from saline water.
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Introduction

Water pollution constitutes a significant environmental and
public health concern worldwide, necessitating the develop-
ment of effective remediation strategies. Adsorption meth-
ods utilizing advanced materials have garnered considerable
interest due to their high efficiency and operational simplic-
ity. Among these materials, geopolymers alkali-activated
aluminosilicates have emerged as promising low-cost
adsorbents owing to their tunable physico-chemical proper-
ties, including porosity, surface area, and functional groups
(Davidovits and Davidovits 2020). These properties can be
optimized through the selection of raw materials and syn-
thesis parameters, facilitating enhanced pollutant removal
capabilities (Luhar et al. 2021).

Recent investigations have demonstrated the potential of
geopolymer composites for the removal of various contami-
nants, notably cationic dyes such as crystal violet (CV). The
incorporation of additives including rice husk ash (Barbosa
et al. 2018), coal powder (Mboka et al. 2024), glauconite,
and magnetite (Salah et al. 2024) and biochar (Dzoujo et al.
2022) has been shown to improve their textural and adsorp-
tion properties, achieving capacities exceeding 2000 mg/g
in some cases. However, most studies have focused on CV
removal from freshwater systems, leaving a significant
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knowledge gap regarding the efficacy of geopolymer com-
posites for CV removal in saline or complex water matrices,
which are prevalent in natural and industrial contexts.
Furthermore, while inorganic and carbonaceous additives
have been employed to enhance geopolymer performance,
the use of waste-derived carbon-based materials such as
hydrochar remains unexplored. Dodder (the Convolvulaceae
family), a parasitic plant known for its detrimental effects on
crops, has recently been identified as an effective biomass
for pollutant remover (Vazquez-Duran et al. 2023). Conver-
sion of dodder biomass into hydrochar offers a sustainable
pathway for waste valorization, and its incorporation into
geopolymer matrices may influence structural characteris-
tics and adsorption performance. Nonetheless, the effects
of hydrochar on geopolymerization processes and pollut-
ant removal efficiency, particularly under saline conditions,
have not been deliberately investigated. Firstly, the adsorp-
tion performance and stability of geopolymer composites
in saline aqueous environments have not been thoroughly
characterized, limiting their practical application in complex
water matrices. Secondly, the influence of hydrochar incor-
poration on the structural integrity, textural properties, and
surface chemistry of geopolymers, as well as their resultant
adsorption capacities, requires further elucidation. Thirdly,
the efficacy of hydrochar-modified geopolymer composites
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for the removal of crystal violet from saline, multi-compo-
nent water systems, has yet to be systematically investigated.

To address these gaps, this study aims to investigate the
effects of fractions of dodder-derived hydrochar on the struc-
tural, textural, and adsorption properties of geopolymers,
with a particular focus on their capacity to remove crystal
violet from both freshwater and saline waters. The research
seeks to elucidate the influence of hydrochar incorporation
on geopolymerization mechanisms and pollutant removal
efficiency, thereby contributing to the development of sus-
tainable, high-performance adsorbents suitable for diverse
water treatment scenarios. Conducted at the University
of Douala, Cameroon, and Machakos University, Kenya
(2023-2024), this work aims to advance the application
of geopolymer-based materials in complex environmental
contexts.

Materials and methods
Reagents and materials

All chemicals were of analytical grade and were used with-
out further purification. Crystal violet (CV), methylene
blue (MB), sodium chloride (purity >99.5%), sodium sili-
cate (purity >96%) and sodium hydroxide (purity >98%)
were purchased from MERCK Eurolab S.A. The dodder
plant material used to prepare the hydrochar was harvested
in Ongalo, in the town of Kisumu, in the Nyanza Province
of Kenya, while the pozzolan used as an aluminosilicate
precursor in the composites was collected in the locality of
Quanté (Latitude 4°; 40'; 39.37' North and longitude 9°; 40';
56. 34"East), Loum district, Moungo department, coastal
region of Cameroon.

Synthesis of hydrochar and geopolymer composite

Hydrochar was prepared via hydrothermal carbonization.
A mass of 50 g of initially ground plant biomass (particle
size <1 mm), dried at 65 °C in an oven for one hour, was
placed into a stainless-steel autoclave, followed by 290 mL
of deionized water. The autoclave was then sealed and heated
in an oven at 200 °C for 6 h. After cooling, the hydrochar
was washed with deionized water until a neutral pH was
reached and then dried at 70 °C for 24 h. The dried hydro-
char was ground to a particle size of 0.25 mm and sieved to
ensure uniform particle distribution. The composites were
formulated (Table 1) by mixing the pozzolan (Pz), initially
substituted with 0%, 2.5%, and 5% hydrochar, respectively,
with an alkaline activating solution (a mixture of 10 mL of

Table 1 Formulation of different geopolymer composites

GP, GPy.5 5c GPs yc
wt% Pz 100 97.5 95
wt% HC 0 2.5 5
Weight of Pz (g) 40 39 38
Weight of HC (g) 0 1 2
Weight of alkaline solution (g) 24 24 24
Liquid/powder weight ratio 0.6 0.6 0.6

sodium hydroxide solution (12 M) and 24 mL of sodium
silicate solution) at a mass ratio of 0.6. The various mixtures
were then homogenized for 10 min before being moulded in
10 cm cylindrical PVC tubes. The molds designated GP,
GP, 5. and GPs ;c depending on the hydrochar content
were dried at 60 °C for 24 h and left to stand for 4 days
in a desiccator. The samples were subsequently demolded,
crushed, sieved, washed to remove excess activating solu-
tion, and dried again at 60 °C for 6 h. The samples were
stored in polyethylene bags for characterization and adsorp-
tion studies.

Characterization of samples

The mineralogical composition of the phases present in the
samples was determined by X-ray diffraction (XRD) using a
Bruker D8 Discovery diffractometer equipped with a LYNX-
EYE detector. Each measurement was performed over 2 h,
at 20 ranging from 5¢ to 80° in 0.03° steps using Cu Ko
radiation at 40 kV and 40 mA. The degree of amorphous
phases was calculated according to Eq. 1. Origin 9.0 soft-
ware was used to determine the total area the crystalline
peaks and diffractogram. The different functional groups of
the samples were identified using an infrared spectrometer
(Bruker Vertex 80v) with the KBr pellet method. Spectra
were recorded between 400 and 4000 cm™! with a resolution
of 2 cm™! over 32 scans, using an infrared spectrometer (Per-
kin 156 Elmer, Shelton, CT, USA). The mesoporosity and
microporosity of the samples were assessed using methylene
blue indices and iodine adsorption, following the protocol
described by Mboka et al. (2024). The BET-specific sur-
face area was determined via N, adsorption at 77 K using a
Quantachrome Autosorb AS6AG. Scanning electron micros-
copy (SEM) analysis was carried out to observe the micro-
structure and morphology of the samples, using a Hitachi
SEM microscope (Hitachi Ltd., Japan). The point of zero
charge (pHPZC) of the materials was determined by contact-
ing 0.1 g of adsorbent with various NaCl solutions adjusted
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Fig. 1 XRD patterns of precursors (a) and geomaterials (b)

to initial pH (pHi) values between 2 and 10 for 8 h. The final
pH (pHf) of the solutions was measured after filtration. The
pHp, was deduced from the curve intercept ApH =f (pHi),
where ApH is the difference between final and initial pH, by
identifying the intercept with the x-axis.

C

4 x 100
A

T

%Amorphous = 100 — < (1)
where Ac and A} are respectively the area of the crystallized
peaks and the total area of the diffractogram.

Batch adsorption experiment

The dual adsorption experiments were conducted in batch
mode at room temperature. Separate 50 mL solutions of CV
were prepared, with some containing 0.005 M NaCl. For the
kinetic studies, doses of 0.1 g of adsorbents were added to
Erlenmeyer flasks containing 50 mL of 50 mg/L CV solu-
tions and the different mixtures were put under magnetic
stirring at time intervals of 10 min, 20 min, 30 min, 40 min,
50 min, 60 min. The effect of pH was assessed by varying
the pH of the separate CV solutions in the range 2—10 using
a solution of hydrochloric acid (0.1 N) or sodium hydroxide
(0.1 N). The effect of the initial CV concentration was exam-
ined by contacting the separate CV solutions of 10 mg/L,
20 mg/L, 30 mg/L, 40 mg/L and 50 mg/L with 0.1 g of
geoadsorbent, respectively. The residual concentration of the
filtrates collected after the influence of the various param-
eters was determined by UV-Visible spectrophotometry at
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a maximum wavelength of 590 nm. The quantities adsorbed
at time t, at equilibrium and the CV adsorption rates were
calculated using Eqs. 2, 3 and 4, respectively.

C.—-C)V
qt=(1—’) @
m
C.—C,)V
qe=(l : 3
m
(Ci—ce)
%RZTXIOO (4’)

L

where C; (mg LY, C, (mg L™ and C, (mg LY are respec-
tively the initial, time t and equilibrium concentrations of
adsorbate. V (L) and m (g) represent the volume of adsorb-
ate solution and the mass of the adsorbent, respectively.

Results and discussion
Mineralogical analysis

The effect of hydrochar (HC) on the mineralogical profile
of the geopolymer was identified by X-ray diffraction analy-
sis. Figure 1 shows diffractograms of HC, Pz, GP,, GP, 5 ;4
and GPs_yc. The HC exhibits a predominantly amorphous
phase. However, the peaks observed near 15° and 35° cor-
respond to the semi-crystalline structures of cellulose
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Fig.2 FTIR spectrum of precursor (a) and geomaterials (b)

and lignin. On the other hand, Augite (COD_ 900-9665),
Andesine (COD_ 900-1031), Albite (COD_98-009-0142),
Hematite (COD_901-5965) and diopside (COD_ 900-5280)
are identified as major crystalline phases in the diffracto-
grams of Pz, GP,, GP, 5 ;- and GPs . Furthermore, it
was observed in the GP, 5, GP5 - composites that the
substitution of pozzolan by HC in the geopolymer matrix
resulted in an increased amorphization of the lattice from
61.14 to 71.71% for GP, 5 ;¢ and from 71.71 to 74.53% for
GP; . As a consequence, a decrease in peak intensity was
observed compared to GP,. These phenomena are similar to
the incorporation of coal powders into the geopolymeric net-
work, as reported by Mboka et al. (2024). Since geopolymer
properties depend on their composition (Luttah et al. 2023),
the formation of no new mineralogical phases indicates that
hydrochars can be used as additives without compromise on
the mineralogical profile of the geopolymers.

Functions groups analysis

Functional groups and possible structural variations with
the addition of HC in the geopolymer chain were identified
by Fourier transform infrared spectroscopy analysis. In the
HC spectrum (Fig. 2a), the absorption bands observed near
3426 cm~! and 2926 cm™! are linked respectively to the
stretching of the O—H bonds of the hydroxyl and carboxyl
groups and to the elongation of aliphatic and aromatic C-H
(Tegin et al. 2025). The peaks observed near 1630 cm™!
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are attributable to the C=0 elongation of the carboxyl
groups (Yang et al. 2023). Peaks at around 1319 cm~! and
1159 cm™' correspond to the stretching of C=C bonds in
lignin (Liu et al. 2022). The high-intensity band observed
at around 1056 cm™! indicates the existence of C—-O elon-
gations in the hemicellulosic and lignocellulosic structures
of hydrochar (Tegin et al. 2025). In the spectrum of Pz
(Fig. 2a) and the geomaterials (Fig. 2b), the absorption
peaks appearing between 3447 and 3469 cm™! correspond
to the elongation vibrations of the O—H bonds of the water
molecules adsorbed on the surface or trapped in the cavity
of the aluminosilicates. Those located between 1638 and
1650 cm™! are attributable to deformation vibrations of
the H-O-H bond of water molecules (Aurelie 2024). The
vibration band detected in the geoadsorbents around 1400
is characteristic of the O—C-O bonds of sodium carbon-
ates (Moudio et al. 2024). The bands centered between
1000 and 1010 cm™! correspond to symmetrical and asym-
metrical elongations of the Si—O-Si and Si—O-Al bonds
in geopolymers. The bands around 456 cm™! correspond
respectively to symmetrical elongations of Si—O-Si,
Al-O-Al, Si—O—Fe and deformations of Si—-O-Si, O-Si—O
bonds (Venyite et al. 2022). By comparing the spectra of
the GP, 5 ;- and GPs - composites with that of GP, nor
is there any noticeable shift in the main band located at
around 1000 cm™! after incorporation of the hydrochar
is observed. This situation reveals that this incorpora-
tion does not modify the chemical environment of the
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Table 2 Micro- and mesoporous indices, specific surface areas and
surface charge of the different adsorbents

Adsorbent HC GP, GP,5c GPs e
Iodine index (mg/g) 801.30 55836 76140  659.88
Methylene blue index (mg/g) 20.58 2437 2440 23.16
Specific surface area (m*/g)  20.81 20.00 16.45 14.66
Point of Zero Charge (PZC) ND 8.68 8.77 8.88

ND, Not determined

geopolymer chain formed, and that the interaction between
these two inorganic and organic functions is weak, likely
dominated by Van der Waals forces.

Textural and morphology analysis

The effect of HC on the texture and morphology of the geo-
polymer network was evaluated through mesoporosity and
microporosity analyses, BET analysis, and scanning electron
microscopy, respectively. Table 2 presents the microporosity,
mesoporosity and BET-specific surface area values for the
various samples. It was observed that adding 2.5% HC to
the geopolymeric network results in a significant increase
in microporosity of 36%, accompanied by a decrease in

Fig.3 Microstructure of HC
(a), GP (b) and GP, 5 ¢ (¢)
samples

WD10mm

7
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mesoporosity. This increase is attributed to the positive con-
tribution of HC microporosity, which compensates for the
initial deficit in microporosity observed in the reference GP
geopolymer. On the other hand, the BET-specific surface
area tends to decrease significantly by 18-27% depending
on the proportions of HC added to the matrix, due to the
occupation of the geopolymer cavities by the HC. This result
is not similar to previous work on material incorporation into
the geopolymer matrix (Hashish et al. 2025; Hossain et al.
2025). However, this reduction in cavities may be benefi-
cial in blocking acidic functional sites within the geopoly-
mer, which are unfavorable for crystal violet (CV) fixation
(Jacques et al. 2025). Furthermore, these observations are
consistent with the point of zero charge (PZC) values of
the composites (8.77 and 8.88), which slightly differ from
that of GP,, (8.68). However, when these PZC values are
lower than the pH of higher CV solutions, the GP, 5 ;3 and
GP;_y;c composites will behave as Lewis bases by carrying a
negative surface charge conducive to attractive interactions
for CV molecules. Furthermore, the microstructure of HC
(Fig. 3a) displays a dense, porous and homogeneous mor-
phology, unlike GP (Fig. 3b), so the geopolymeric network
is heterogeneous and dense due to the partial dissolution
of the aluminosilicate phases in the activating solution. In
addition, when comparing the microstructure of GP, 5 ¢

SS30
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Fig.5 Influence of contact time on CV adsorption in aqueous (a) and saline (b) phases by composites. (Operational conditions: m=0.1 g,

V=50mL, T=25+1 °C and C;=50 mg/L)

(Fig. 3c) to that of GP, reveals an absence of the crystal-
lized phases initially present in GP,, which are replaced by
the amorphous HC phase within the matrix. This substitu-
tion leads to a decrease in porosity, which correlates with a
decrease in specific surface area.

Effect of pH of CV in aqueous and saline solution
Possible interactions between the CV and the surface of

composites in non-saline and saline environments were
examined in the pH range between 2 and 10. Figure 4

w @ Springer
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Fig.6 Influence of initial concentration CV in aqueous (a) and saline (b) phase on composite. (Operational conditions: m=0.1 g, V=50 mL,

T=25+1 °C, and t=60 min)

illustrates the influence of pH on the adsorption performance
of CV in aqueous and saline media across different materi-
als. In aqueous media (Fig. 4a), a low rate of CV elimination
is observed at pH < PZC (~9), due to the repulsive interac-
tions between the positive surface charge of the adsorbent
and the CV* molecules (Grassi et al. 2020). On the other
hand, at pH>PZC (~9), CV removal becomes favora-
ble because of the electrostatic attraction (Marubini et al.
2025). In addition, it has been observed that the phenomena
described above in aqueous media are not observed in saline
media (Fig. 4b). The C1™ ions present in the medium neutral-
ize the H* ions and the CV* cations exchange easily with
the Na* ions on the surface of the geomaterials, resulting in
favorable adsorption of CV in an acid medium. On the other
hand, a slight drop in the elimination rate is observed in a
basic medium due to an excess of OH™ ions, which generate
electrostatic repulsions with the negatively charged surface
of the geomaterials.

Effect of contact time of CV in aqueous and saline
solution

The monitoring of phenomena occurring over time between
the CV and the composites was examined by varying the
contact time from 10 to 60 min. Figure 5 illustrates the influ-
ence of time on CV removal rates in aqueous and saline solu-
tions. In aqueous medium (Fig. 5a), a rapid increase in the
elimination rate is observed during the first 10 min, reflect-
ing a rapid occupation of the vacant sites by the adsorbates.

(]
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After the 10th minute, a pseudo equilibrium follows, indi-
cating saturation and the decreasing availability of active
sites for further adsorption. In the medium (Fig. 5b), the
adsorption of the crystal violet exhibits a behavior almost
similar to that described previously in aqueous media, with
the exception that equilibrium is reached after 10 min with
higher sequestration rates of 98% for GP,,, 97% for GP, 5 ¢
and 98% for GPs - respectively. The quick binding of CV
to the surface of the composites in saline/aqueous environ-
ments is attributed to Na* ions, which reduce CV solubility
and promote attractive interactions between the adsorbate
and adsorbent. These phenomena are consistent with those
reported by Tome et al. (2023) for the sequestration of mala-
chite green in a saline environment by Na-polyferrosialate
geopolymers.

Effect of initial concentration of CV in aqueous
and saline solution

The mechanisms occurring on the surface of the composites
in non-saline and saline environments under the influence
of the concentration gradient were examined by varying the
concentration of CV from 10 to 50 mg/L. Figure 6 illus-
trates the effect of concentration on the rate of abatement in
aqueous and saline media for the various adsorbents. It can
be seen that in the aqueous phase, adsorption performance
decreases as the initial CV concentration increases. This
decline is attributed to the limited availability of active sites
to accommodate all CV molecules in solution (Chakraborty
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Table 3 Kinetic parameters Models Parameters

GP, (aq) GP (s)

GPyspc(@q) GPyspc(s) GPspyc(aq) GPspye(s)

obtained via PFO and PSO

models PFO q. (theor) (mg g7!)  23.37
qe (exp) (mgg™") 2422
k, (min~h 2.42
x2 0.07
R? 0.99

PSO g, (theor) (mgg™) 23.36

q. (exp) (mg g‘l) 24.22
k, (gmg~' min~") 42.53

t;, (min) 1.82
2 0.07
R? 0.99

24.09  23.05 24.34 23.98 24.29
24.62  23.27 24.58 24.51 24.58
1.99 0.45 2.52 1.35 1.41
0.02 0.003 0.004 0.04 0.009
0.99 0.99 0.99 0.99 0.99
24.07 2279 24.35 23.96 24.32
24.62  23.27 24.58 24.51 24.58
10.15  23.04 24.33 9.24 1.85
0.42 1.01 0.99 0.38 0.08
0.025  0.003 0.004 0.04 0.009
0.99 0.99 0.99 0.99 0.99

aqg, Aqueous environment; s, Saline environment

et al. 2021). Conversely, in a saline environment, an increase
in adsorption capacity is noted, likely due to the hydrophobic
nature of the medium, which favors attractive interactions
between the adsorbate and the active sites of the materials.

Kinetic study of CV in aqueous and saline solution

In order to elucidate the mechanisms governing CV seques-
tration kinetics in aqueous and saline media on composites,
experimental kinetic data were fitted to pseudo first-order
(PFO) of Ho and Mckay (1998) and pseudo second-order
(PSO) model of Ho (2006) as defined by Egs. 5, 6 and 7.

PFO : g, =q,(1-¢™") 5)
kyq*t
PSO: ¢ = ——<— 6
= T kg ©
£, =
2= g @)

From Table 3, the R? values close to unity, together with
the relatively low X2 error functions indicate that the PFO
and PSO models adequately describe the kinetic mecha-
nisms controlling the kinetics of CV sequestration in non-
saline and saline environments. However, chemisorption
appears to be the predominant mechanism for CV seques-
tration on the surface of materials in aqueous environments,
with values of 1/n and m, ; values lower than unity in the
Freundlich and Langmuir—Freundlich isotherms (Table 3).
Moreover, the substantial decrease in the PSO rate constant
(K,) and adsorption half-life t,, in the composites compared
to GP,, (from 42.54 t0 9.24 g mg~! min ~! and from 1.82 to
0.38 min, respectively) suggests a slower saturation of active
sites by CV molecules due to the additional sites contributed
by the hydrochar. This behavior contrasts with the findings

of Onyango et al. (2024), who reported that the increase
in K, with the proportions of medical-waste incineration
fly ash (MWIFA) in the geopolymer matrix was attribut-
able to the reduction in tortuosity. In saline media, however,
physisorption appears to dominate the kinetic process, as
indicated by 1/n and m;  values greater than unity derived
from the Freundlich and Langmuir—Freundlich isotherms
(Table 3). Furthermore, the low variability of K, indicates
that the proportions of hydrochar and textural properties
alone do not control the adsorption rate, but that there is
a trade-off between textural characteristics and the density
of functional groups that regulate kinetics in a saline envi-
ronment. Overall, this kinetics of CV sequestration in non-
saline and saline environments on geopolymers is consistent
with trends reported for other cationic dyes in previous stud-
ies (El Alouani et al. 2021; Elewa et al. 2025).

Isothermal study of CV in aqueous and saline
solution

In order to gain a better understanding of the mechanisms
controlling CV sequestration, the experimental equilibrium
data were correlated with empirical non-linear Langmuir
(Table 4).

Classical isothermals study

It can be seen from Table 5 that the Langmuir isotherm
describes part of the experimental data for the GP, and
GPs ;¢ adsorbents due to R? values > 0.90. However, the
Ka values, which increase with the level of incorporated
HC, indicate a high affinity and favorable sequestration of
CV in the aqueous media on the surface of the composites.
In addition, the values of 1/n, z, and m; ; lower than 1 in
the Freundlich, Toth, and Langmuir—Freundlich models,
respectively, reflect the strong affinity of CV for binding
to the surface of the composites, supporting the hypothesis

* @ Springer
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Table 5 parameters obtained via usual isothermal models

Two parameter isotherms

Models Parameters GP, (aq) GP, (s) GP, 5 1yc (aq) GP, 5.1yc (8) GP;5 ¢ (aq) GPs5_ ¢ (s)

Langmuir Qe (Mg g™H 89.67 12.24 13.32 1299.98 29.08 12.03
K, (Lmg™) 0.57 11.25 19.32 0.008 2.32 11.21
K,(Lg™h 51.11 137.7 257.34 10.40 67.47 145.95
X’ 3.24 15.97 3.08 1.31 3.12 16.54
R? 0.93 0.50 0.79 0.91 0.92 0.50

Freundlich 1/n 0.36 2.32 0.52 1.34 0.40 3.05
Kg (L mg™) 21.62 4.27 10.23 8.66 23.16 2.18
X’ 0.95 6.63 2.15 1.09 1.88 11.49
R? 0.94 0.79 0.94 0.94 0.84 0.56

Models Three parameter isotherms

Toth AT 60.76 899,227.88 422,395.06 64,422.33 1,754,730.5 1.0538E+10
ap 4.13E-01 5.06E +04 1.15E+00 2.97E+04 8.39E-01 1.16E+03
Z 0.34 0.94 0.07 1.18 0.06 0.35
X’ 0.94 18.24 2.47 1.27 0.93 47.44
R? 0.95 0.51 0.93 0.91 0.98 0.36

Langmuir —Freundlich qm; ;. (mg/g) 39.24 24.13 354.18 2503.78 534.97 5896.66
Ky (L/mg) 1.48 0.65 0.001 0.017 0.002 0.11
mp 0.64 14.14 0.54 1.35 0.49 3.85
x2 0.91 0.07 2.26 1.09 0.40 6.49
R? 0.96 0.99 0.93 0.94 0.99 0.83

aq, Aqueous environment, s, Saline environment

that chemisorption takes place during the fixation of CV in
the aqueous media.

On the other hand, the lower values of Ky in the saline
media compared to the aqueous media indicate low affin-
ity of CV for adsorption by the composites, suggesting a
predominantly physical-type mechanism for the composites.
In addition, the values of m; ;> 1 suggest a highly hetero-
geneous system in the saline environment and corroborate
previous interpretations.

In addition, the Langmuir-Freundlich model fits the
equilibrium data for CV sequestration in aqueous and saline
media very well among the isotherms studied. The quanti-
ties predicted by this model show an increase in adsorption
performance as a function of HC content, from 39.24 to
534.97 mg/g in non-saline environment and from 24.13 to
5896.66 mg/g in saline environment. The improvement in
sequestration performance in non-saline conditions is due to
the contribution of HCs in blocking acidic sites in the geo-
polymer unfavorable to CV attachment and in strengthening
the attractive interactions with the adsorbate. It is therefore
evident that this improvement in adsorption capacity is inde-
pendent of the specific surface area and density of the func-
tional groups unlike those reported by Mboka et al. (2024).
On the other hand, the increase in the adsorption capacity in
saline conditions is due to the hydrophobic nature of CV and

the reduced competitive effect between Na* ions and CV*
generated by the presence of HCs in the matrix.

Non-usual isothermals study

From the non-standard isotherms in Table 6, it is observed
that there is a significant decrease in the values of the
Jovanovich constant K; and the Volmer constant bv in the
saline media compared with the non-saline media, due to the
presence of Cl™ ions that limit the interactions between the
surface of the composites and CV despite an increase in the
quantities adsorbed. Based on the R? values > 0.90 and Xz,
the Jovanovich isotherm, unlike the Volmer isotherm, can be
applied to the experimental data to describe the CV attach-
ment mechanism to GP, and GPs ;¢ in the aqueous media
and to GP, 5 ;¢ in the saline media. This model indicates
that the adsorption of CV on the surface of these compos-
ites occurs in a monolayer and without lateral interactions
(Fontan et al. 2013). Similarly, to the Toth model, the Fritz
Schliinder isotherm can be used to describe the mecha-
nisms governing the removal of CV from GP, GP, 5 yc,
and GPs ;- geoadsorbents in the aqueous media. However,
the values of mmm converging towards unity show that CV
sequestration occurs in a monolayer. From the deductions
from classical isotherms, this uncommon model could cor-
roborate the hypothesis that chemisorption occurs during

]
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Table 6 parameters obtained via non-usual isothermal models

Two parameter isotherms

Models Parameters GP, (aq) GP, (s) GP, 5 1yc (aq) GP, 5 15c (8) GPs ¢ (aq) GPs5_yc (s)
Jovanovich qpj (mg gh 3.04 0.01 16.19 648.83 25.49 1760.06

K; (Lmg™) 24.53 1443.54 8.52 0.02 2.65 0.004

X’ 2.46 18.11 7.41 1.29 2.70 23.61

R? 0.94 0.51 0.50 0.91 0.93 0.36
Volmer Qpy (Mg g7H) 44.74 804,767.25 79.02 1,471,672.33 63.23 1,471,727.6

bv (L mg™h) 2.61 1.1124E-05 0.14 7.0837E-06 1.18 5.4297E-06

X’ 4.05 18.23 4.21 1.26 2.90 23.71

R? 0.81 0.51 0.89 0.91 0.92 0.36
Models Two parameter isotherms
Fritz-schluender Qurs (Mg g7 17.14 6.20 33,970.49 6.90 4737.27 6.143

Kps L mg™h) 22.99 10.40 10.23 11.94 175.34 10.29

M 0.73 0 0.48 0 0.53 0

x? 0.98 18.24 2.16 1.27 0.38 23.71

R? 0.95 0.51 0.94 0.91 0.99 0.36
Genuine Halsey p(mg g™ 24.74 13.18 20.21 14.52 16.13 5.99

o (L mg™h 1.442E-06 3.8008E-06 0.05 0.40 0.05 0.002

1/n 5.02 27.44 1.22 0.77 1.94 20.06

X’ 1.19 6.80 0.39 0.31 0.18 6.59

R? 0.93 0.78 0.98 0.99 0.99 0.83

CV sequestration in a non-saline environment on the sur-
face of these adsorbents. In addition, the higher Genuine
Halsey constant o values for the composites compared to
the pristine geopolymer could indicate strong interactions
during CV sequestration induced by the presence of HC in
the matrix. However, this model, like the Langmuir-Freun-
dlich isotherm, correlates more closely with the equilibrium
data for CV removal than the other non-traditional isotherms
studied.

Possible mechanisms for CV sequestration
on the geopolymer-hydrochar composite

Based on FTIR, PZC, and pH analyses, the mechanisms of
CV sequestration in non-saline and saline media on the sur-
face of the composites are primarily related to electrostatic
interactions between the cationic dye and the negatively
charged geopolymer network (Fig. 7). However, specific
interactions such as ion exchange, hydrogen bonding, and
electron transfer between the delocalized electrons of the
HC aromatic ring and the electron-deficient nitrogen atom
of CV, as well as n—x interactions (Fig. 7) between the delo-
calized electrons of the HC ring and those of the adsorbent
may also occur (Farghal et al. 2023). However, competition
between Na* cations released in the saline environment and

]
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CV* cations for the same adsorption site is considerably
reduced on the surface of the composite due to the presence
of HC in the geopolymer network, which provides additional
active sites.

Comparison of the results of this study with those
in the literature and potential limitations

A comparison of the data from this study with those reported
in the literature (Table 7) revealed that the characteristics
of geopolymer composites, such as specific surface area
and chemical functionalities, vary depending on the type
of additives and synthesis conditions. However, the seques-
tration capacities of these geopolymer composites for CV
in non-saline environments are generally correlated with
these properties, whereas in saline environments. The lack
of relevant data in the literature does not allow definitive
conclusions.

Furthermore, the results of this study demonstrate a
sustainable approach for wastewater treatment through the
development of a geopolymer composite made from poz-
zolan and hydrochar derived from Cuscuta (dodder), an
invasive plant species. The use of agricultural waste and
invasive biomass valorizes underutilized resources while
mitigating ecological damage. The resulting adsorbent
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Fig.7 Probable mechanisms of
CV sequestration on the geopol-
ymer-hydrochar composite

(1) Electrostatic interaction, (2) ion exchange, (3) Hydrogen bond, (4) Pi-Pi interaction

exhibits an ultra-high capacity for the removal of crystal
violet, a persistent and toxic dye, from aqueous and saline
solutions. This environmentally friendly material provides
an alternative for the treatment of dye-contaminated waste-
water. However, a thorough comprehensive characteriza-
tion of the exhausted geopolymer—hydrochar composites
and computational analyses will be necessary to better elu-
cidate the molecular interactions and operational adsorp-
tion mechanisms. Besides geopolymers, other adsorbents
with ultrahigh adsorption capacities for CV removal have
been reported. For instance, Citric acid-modified rape straw
exhibited an adsorption capacity of 1012.6 mg/g at pH 3
based on the Langmuir isotherm (Li et al. 2025). Montmoril-
lonite @activated carbon (Mt@ AC) also exhibited a high CV
adsorption capacity of 1110.8 mg/g based on the Langmuir
isotherm (Ouachtak et al. 2023).

Conclusion

The present study evaluated the performance of GP,
GP, 5.yc, and GPs_ - geopolymer—hydrochar composites
in the adsorption of the toxic crystal violet (CV) dye from
non-saline and saline water. The incorporation of 2.5%
and 5% HC resulted in a progressive decrease in the spe-
cific surface area compared with the pristine geopolymer
GPO0, from 20.00 to 16.45 and 14.66 m?/g, respectively.
However, the maximum adsorption capacity for CV in
non-saline and saline media increased substantially with
hydrochar addition. This increase is related to the shield-
ing effect of HC on the acidic sites of the geopolymer and
is also promoted by electrostatic and hydrophobic interac-
tions. The Langmuir-Freundlich and Genuine Halsey iso-
therm isotherms provided the best fit for the equilibrium

]
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Table 7 Comparative data between the adsorbents studied and those from previous work

Adsorbent Type of syn- New functional ~ Specific Experimental Aqueous phase  salt phase References
thesis groups generated surface area  conditions sequestration sequestration
(m%/g) capacity (mg/g) capacity (mg/g)

Charcoal- Alkaline activa-  Yes 13.35-15.89  Time (min): 60 2803 - (Mboka et al.
pozzolan based  tion (=CH and O-C- Ci (mg/L): 2024)
geopolymer 0) 10=120

V(mL): 40
m (g): 0.1

Fly Ash Steel Alkaline activa-  Yes 13.14-56.70  Time (min): 120 3.98 - (Hossain et al.
Slag Based tion (C=0) Ci (mg/L): 2025)
Geopolymer 10-100

V(mL): 30
m (g): 3

Moringa seed Alkaline activa-  Yes 11.28-22.71  Time (min): 30  322.58 - (Hashish et al.
powder- tion (Sif~0-C=0) Ci (mg/L): 2025)
modified slag 10-120
geopolymers V(mL): 50

m (g): 0.01

Geopolymer Alkaline activa-  Yes ND Time (min): 60  14.14 _ (Ebrahim et al.
mortar based tion (0-C-0) Ci (mg/L): 2024)
on Slag-Fly 15-120
Ash V(mL): 20

m (g): 0.05

GP, Alkaline activa- No 20.00 Time (min): 60  39.24 24.13 This work

GP, 5. 4c tion 16.45 Ci (mg/L): 354.18 2503.78 This work

GPs ¢ 14.66 10-50 534.97 5896.66 This work

V(mL): 50
m (g): 0.1

ND, Not determined

data in non-saline and saline water. The pseudo-second-
order model controlled CV adsorption kinetics in non-
saline media, while pseudo—first-order kinetics dominated
in saline media. The results of this study indicate that geo-
polymer—hydrochar composites are useful for removing
dyes from saline water, but computational analyses and
studies on the regeneration and reuse of these materials
will be necessary to clarify remaining uncertainties.
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