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Abstract

The low adsorption capacity and structural limitations of conventional geopolymers hinder their application in
wastewater treatment. This study addresses these challenges by developing a carbonated fly ash-steel slag-based
geopolymer (GP) for efficient Crystal Violet (CV) dye removal. Carbonated GP (GP-C) was synthesized via
alkali activation and CO: curing, achieving a 91.66% removal efficiency and 6.11 mg/g adsorption capacity (vs.
76.04% and 5.07 mg/g for non- carbonated GP). BET analysis confirmed that carbonation increased the specific
surface area from 13.14 m%g to 56.70 m?/g by refining mesopores from 15-40 nm to 5-15 nm, enhancing
adsorption efficiency. while FTIR/XPS identified key mechanisms: (1) hydrogen bonding between CV and
hydroxyl groups (Si-OH) and (2) electrostatic attraction between CV* and aluminosilicate gels ([AIO*]*/[Si0*]*).
The adsorption adhered to the Freundlich isotherm (heterogeneous surface) and pseudo-second-order kinetics.
GP-C also exhibited broad pH adaptability (optimal at pH 9) and rapid equilibrium (90 min). This work
highlights the dual role of carbonation in enhancing porosity and surface reactivity, offering a sustainable
strategy to repurpose industrial waste (steel slag/fly ash) for dye pollution remediation.
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1. Introduction

With the advancement of industrialization, a growing volume of dye wastes from industrial processes are being
released into sewage systems during the dyeing of materials such as textiles, leather, plastics, and cosmetics,
numerous refractory dyes were discharged into the water body (Li et al., 2010; Lee, Jong Jib, 2014; Roy et al.,
2018; Lellis et al., 2019). It was predicted that over 800,000 tons of synthetic dyes were manufactured annually,
which would pose significant environmental challenges and impact aquatic ecosystems (Mahardiani et al., 2021).
A variety of methodologies, including electrochemical oxidation (Zhang et al., 2010), chemical reduction (Trinh
et al., 2021), adsorption (Doondani, Gomase, et al., 2022; Khapre et al., 2022), and ion-exchange (Raghu and
Ahmed Basha, 2007), have been employed to facilitate the removal of dyes. Among these methodologies,
adsorption has emerged as a widely utilized and economically viable technique for the elimination of dyes from
industrial effluents (Doondani, Jugade, et al., 2022). Numerous substances, such as activated carbon, zeolites,
and biochar, can serve as effective adsorbents within the adsorption process (Vithalkar and Jugade, 2020), which
includes the accumulation of adsorbates at the liquid-solid or gas-solid interface (Kaykhaii, Sasani and
Marghzari, 2018; Li et al., 2020).

The alkali activation of waste materials has emerged as a significant area of research due to the potential for
utilizing industrial byproducts such as ground granulated blast furnace slag (GGBFSS) and fly ash (FA) to
transform them into environmentally friendly, cost-effective, and technologically beneficial cementitious
materials, while also reducing carbon dioxide emissions (Nobouassia Bewa et al., 2018; Salimi and Ghorbani,
2020). Davidovits (T. et al, 2022) described geopolymer as an amorphous alumino-silicate cementitious
material produced from natural aluminosilicates or industrial by-products, such as metakaolin, fly ash, and
ground granulated blast furnace slag. The alkali activation of aluminosilicate raw materials appears through
polymerization in a high pH environment. The polymerization reaction involves the development of three-
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dimensional polymeric chains by Si-Al minerals, resulting in a ring structure that includes Si-O-Si bonds
(Rajerajesw, Dhinakaran and Ershad, 2014). Such binders could handle the challenges faced by the construction
industry. Geopolymer significantly reduces CO, emissions by 80%, offering a more economical solution while
utilizing industrial and agricultural wastes (Singh, 2020; Singh and Middendorf, 2020). Numerous studies
demonstrate that various industrial waste materials have been utilized as sources of alumina and silica for the
preparation of geopolymers (Singh, Tripathy and Ranjith, 2008; Singh and Middendorf, 2020; Jindal et al.,
2022). Slag utilized as a base material consists of aluminosilicate raw material that can be triggered by alkali
hydroxide and silicate (Singh, Tripathy and Ranjith, 2008). The alkali activation of slag results in an output
product similar to calcium silicate hydrates (C-S-H) gel. Several studies have investigated the combined use of
slag with industrial byproducts, including fly ash (FA), cement kiln dust (CKD), and silica fume (SF) (Phoo-
ngernkham et al., 2015; Kishar, Ahmed and Mahmoud, 2018; Kishar, Ahmed and Nabil, 2018; Elyamany, Abd
Elmoaty and Diab, 2022). Geopolymers are suitable in various applications, including refractory and heat-
resistant coatings, adhesives, pharmaceutical applications, novel adhesives for refractory fiber composites,
wastewater treatment of toxic and radioactive waste, and innovative cement materials for concrete. In recent
years, geopolymers have become popular as significant adsorbents due to their affordability, easy preparation,
and individual three-dimensional network structure with fixed-size pores, that lets them adsorb the pollutants
such as dyes and hazardous substances from the environment (Siyal et al., 2018). Recent research has indicated
the potential of geopolymer cements as adsorbents for the removal of different types of dyes (El Alouani ef al.,
2019; Maleki et al., 2020; Feng et al., 2022), which demonstrated that the geopolymer showed significant
adsorption capacity. Most of these current studies focus mainly on the gelation time, mechanical properties, and
reaction mechanisms of rice husk (RH), rice husk ash (RHA), metakaolin (MK), palm oil fuel ash (POFA),
ground granulated blast furnace slag (GGBFS), and slag systems, while there is little research on fly ash (FA)
and steel slag (SS) based Geopolymers adsorption properties.

Several studies have highlighted the beneficial effects of carbonation on the microstructure and adsorption
properties of cementitious materials. Carbonation enhances the specific surface area by refining pore structures
and increasing the availability of adsorption sites (Liu ez al., 2022). It also improves nitrogen adsorption in
cement-lime pastes, suggesting the formation of additional nanoscale pores that contribute to enhanced
adsorption capacity (Arandigoyen et al., 2006). Furthermore, carbonation plays a crucial role in optimizing the
pore network, leading to a more interconnected and reactive surface. These improvements collectively make
carbonated geopolymers highly effective for adsorption applications, offering both increased surface reactivity
and structural stability (Silva et al., 2002). Investigating the adsorption behaviour of carbonated Geopolymer and
exploring the adsorption mechanism is a beneficial work.

This study focuses on developing carbonated geopolymer using industrial byproducts, fly ash and steel slag, as
alternative adsorbents for the removal of the Crystal Violet (CV) dye residual in the dyeing bath instead of
dumping this hazardous waste without treatment, as a new approach that is environmentally safe and inexpensive.

2. Materials and methods
2.1 Raw materials

The steel slag (SS) used in this study was sourced from a steel manufacturing plant in Jiangsu, China, while the
fly ash (FA) was obtained from a power plant in Inner Mongolia, China. Prior to use, both materials were sieved
through 100-mesh and 200-mesh screens to achieve the desired particle size distribution. The chemical
compositions of SS and FA were analyzed using X-ray fluorescence (XRF), with the results summarized in
Table 1.

Table 1. Chemical Composition of Steel Slag (SS) and Fly Ash (FA).

SiO, ALO; CaO Fe,0s MgO MnO Other
SS 12.87 2.57 45.62 26.77 3.57 4.48 4.12
FA 45.51 45.86 1.58 2.40 0.27 0.02 4.36

As shown in Table 1, the major oxides present in SS included CaO, Fe:0s, and SiO., whereas FA was
predominantly composed of SiO: and AlOs. X-ray diffraction (XRD) analysis (Figure 3) revealed that the
primary crystalline phases in SS were Larnite (Ca;SiO4), Lime (CaO), Srebrodolskite (Ca,Fe,Os), Mayenite
(Ca0)12(A1,03)7 and Wustite (FeO). In contrast, fly ash mainly consisted of mullite (Al 272Si0.72804.864). For
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alkali activation, granular sodium hydroxide (NaOH, AR grade, Sinopharm Chemical Reagent Co., Ltd., China)
and industrial-grade sodium silicate (Na2SiOs, modulus = 2.05) were used. Additionally, 30% hydrogen peroxide
(H20:, AR grade, Sinopharm Chemical Reagent Co., Ltd., China) served as the foaming agent.

2.2 Preparation of Geopolymer (GP)

The Pictorial representation of synthesis process of Geopolymer (GP) for the application of GP in CV adsorption
tests is shown in Figure 1. The procedure for preparing GP for CV adsorption was as follows: 120 g of steel slag
and 30 g of fly ash were mixed at a low speed for 3 min using a mixer. Afterwards, 75 g of alkaline activator was
measured, holding a liquid-to-solid mass ratio of 0.5. The liquid ingredient had been mixed with the solid
mixtures for 1 min. Following that, 5 g of hydrogen peroxide was added and mixed at high speed for no more
than 10 seconds. The mixed slurry was poured into molds and cured at 70°C in an oven curing box for 24 hours.
The samples were categorized into two categories upon successful demolding. One group was cured under
standard indoor conditions and labeled as non-carbonated GP (GP-NC), and the other group was labeled as
carbonated GP (GP-C) and cured in a CO; curing chamber for 24 hours.

)~ i

Steel Slag

Fig Casting in
molds
Fly ash
Mo
n i .1
oV Crushing & =
- Screenning e : Geopolymer W=

adsorption (0.75-1.25 mm) specimen Oven

curing

Carbonation

Figure 1. GP preparation and CV adsorption experiments pictorial representation.

The parameters in the CO, curing chamber have been set at a CO, concentration of 30%, a temperature of 30°C,
and a humidity level of 90%. After 24 hours curing period, samples from both groups were crushed and sieved
in order to get 0.75-1.25 mm particles for further adsorption experiments with CV.

2.3 Materials characterization

The following characterization techniques were employed to analyze the structural, chemical, and morphological
properties of the raw materials and synthesized geopolymers:

2.3.1 Elemental Analysis

The crystalline phases present in raw steel slag, fly ash, and geopolymer samples were characterized using X-ray
diffraction (XRD, Bruker D8 Advance, Germany) with Cu-Ka radiation (A = 1.5406 A). XRD patterns were
collected over a 20 range of 10-90° to identify mineralogical changes occurring during geopolymerization and
carbonation processes. Complementary chemical bonding information was obtained through Fourier-transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS20, USA). Spectra were acquired in the 400-4000 cm™!
range with 4 cm™ resolution, allowing identification of functional groups and monitoring of structural
transformations. The bulk chemical composition of raw materials was quantitatively determined by X-ray
fluorescence spectroscopy (XRF, Analytical Axios, Netherlands). This technique provided precise oxide
composition data essential for understanding material reactivity.

2.3.2 Morphological Analysis

Sample morphology and surface features were investigated using field-emission scanning electron microscopy
(FE-SEM, Tescan MIRA3, Czech Republic). Multiple sample regions were examined to ensure representative
imaging of microstructural evolution after carbonation treatment. Textural properties including specific surface
area, pore size distribution, and total pore volume were measured through nitrogen physisorption using a
Micromeritics TriStar 1T 3020 analyzer (USA). The Brunauer-Emmett-Teller (BET) method was applied to
surface area calculations, while pore size distributions were derived from the adsorption branches using the
Barrett-Joyner-Halenda (BJH) model.
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2.4 Crystal violet adsorption studies

The adsorption efficacy of the produced Geopolymer (GP) adsorbent had been assessed using a Crystal Violet
(CV) dye solution (C2sH3oN3Cl; Cas No: 548-62-9; molecular weight 407.98) from Shenyang Chemical Reagent
Factory, China; chemical structure of Crystal Violet (Figure 2.).

CHy CH.
; e

3
N ~
HaC <] = “CHy
Cl
=

NS
HaC™ “CHs

Figure 2. Chemical structure of Crystal Violet (CV).

A stock solution of CV with a concentration of 500 mg/L was made for further investigations. Adsorption
reactions were conducted at 650 rpm using a magnetic stirrer under various conditions, with 200 mL of a defined
concentration of CV solution and specified quantities of the adsorbent added into a series of 500 mL beakers.
The solution matrix was centrifuged at 10,000 r/min for 5 minutes to extract the supernatant after each
experiment met its adsorption conditions. Subsequently, a UV-Vis spectrophotometer (Shimadzu, UV-2700i,
Amax = 590 nm) was used to figure out the CV concentration left in the supernatant.

A calibration curve was developed using a standard CV solution with some known concentrations. The
adsorption tests were conducted three times to ensure accuracy, and the average value were taken into account.
The removal efficiency (R%) and equilibrium adsorption capacity (Q., mg/g) of the two adsorbents for CV were
calculated using Eq. 1 and Eq. 2, respectively.

Ri%) = 'c“ — » 100 (Eq. 1)

Qlmgig) = ——— (Eq. 2)
C, and C. represent the initial and equilibrium concentrations of CV (mg/L), respectively. V (L) denotes the
volume of the solution at equilibrium, and m (g) is the mass of the adsorbent used. The anticipated pKa values of
crystal violet are 5.31 and 8.64 (Rojas ef al., 2019), indicating that this molecule mostly exists in its cationic
form in the environment.

2.4.1 The effect of adsorbent type

A mixture of the geopolymer sample (3 g) and a 100 mg/L CV solution was stirred at room temperature (26°C)
and natural pH of the samples to study the effect of carbonation. Both types of geopolymer adsorbents, GP-NC
and GP-C, were used. The experiments were conducted over a range of contact times from 0 to 120 minutes until
the adsorption process reaches equilibrium. The removal efficiency and adsorption capacity were measured after
each interval to evaluate the adsorption behaviour of the geopolymer samples over time.

2.4.2 The effect of contact time

To examine how contact time affected the geopolymer sample’s ability to absorb dye, 100 mg/L of CV solution
and 3 g of the geopolymer sample were mixed at room temperature (26°C), and natural pH of the adsorbent. The
removal efficiency and adsorption capacity were calculated at contact times ranging from 5 minutes to 120
minutes.

2.4.3 The effect of dye concentration

The effect of initial dye concentration on the adsorption performance was investigated by varying the CV
concentration from 10 mg/L to 100 mg/L, while maintaining a fixed geopolymer dosage of 3 g. The experiments
were conducted at the natural pH of each geopolymer sample and stirred for 120 minutes at room temperature
(26 °C). After equilibrium was reached, the final dye concentration was measured, and the removal efficiency
along with the adsorption capacity was calculated.

2.4.4 The effect of adsorbent dosage

The equilibrium concentration was measured at various geopolymer dosages, and the removal efficiency and
adsorption capacity were calculated. The experimental conditions were 100 mg/L CV solution at natural pH of
the geopolymer and room temperature (26°C).

2.4.5 The effect of pH value

A mixture of the geopolymer sample and a 100 mg/L CV solution was stirred at room temperature (26°C) at

74



Journal of Environment and Earth Science www.iiste.org
ISSN 2224-3216 (Paper) ISSN 2225-0948 (Online) g
Vol.15, No.2, 2025 ||ST

various pH values ranging from 2.0 to 11.0. Dilute hydrochloric acid (HCI), 1 mol/L and sodium hydroxide
(NaOH), 1 mol/L were used to adjust the pH. The removal efficiency and adsorption capacity were measured
when the system reached equilibrium.

3. Results and discussion
3.1 Characterization of GP

3.1.1 Elemental analysis

1-Mullite-Al, 57,81 7250 554
2-Srebrodolskite-Ca,Fe,0, 9-Mullite,syn-ALSi,0,;
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Figure 3. XRD study illustrating the mineral phases present in SS, FA, GP-NC and GP-C samples.

The XRD patterns showed that the crystalline phase composition of GP-NC and GP-C primarily comprised
quartz (SiO2), calcium iron garnet (andradite, CasFe2(SiO4)3), calcium silicate (Ca;SiO4), and calcite (CaCO3),
shown in Figure 3. A broad peak observed in the 25°-45° 20 range suggests the presence of amorphous or semi-
crystalline materials, likely corresponding to the main reaction products, sodium aluminate hydrate (N-A-S-H)
gel and calcium aluminate hydrate (C-A-S-H) gel. (Liu et al., 2019, 2024), (He et al., 2022). The formation of
C(N)-A-S-H gel was a notable indication of geopolymerization. Furthermore, upon carbonation, the diffraction
peaks of GP-C in the 30°-50° range exhibited increased sharpness and intensity, further confirming the enhanced
production of CaCOs as a result the carbonation reaction (Li et al., 2022).

st

Figure 4. FTIR spectra of geopolymer samples GP-NC and GP-C.

The FTIR spectra of GP-NC and GP-C reveal distinct changes after carbonation, particularly in the appearance
of new absorption bands (Menges, no date), in Figure 4. Both samples show a broad band around 3438 cm™,
corresponding to hydroxyl (-OH) stretching vibrations, indicating the presence of water or surface hydroxyl
groups. The Si-O-Si asymmetric stretching vibration at 972 cm™ in GP-NC reflects the aluminosilicate network
typical of geopolymers. After carbonation, GP-C exhibits new peaks: the band at 714 cm! is attributed to the
C=0 bond vibration in calcite, while the band at 874 cm™! corresponds to the out-of-plane bending of the C=0
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bond in calcite. Additionally, the broad peak at 1467 cm! is linked to the COs> stretching vibration, further
confirming the formation of carbonate groups (Chang et al., 2019; Zhang et al., 2024). These changes suggest
that carbonation has led to the formation of calcite and other carbonates, significantly altering the material’s
structure and surface properties. The absorption bands confirmed the existence of carbonation reaction and the
creation of carbonation products (Matalkah and Soroushian, 2023). In addition, the absorption bands at 1642 cm"
!and 3437 cm’! correspond to the bending and stretching vibrations of O-H in water molecules, respectively
(Wei et al., 2020; H. Liu et al., 2021; Kravchenko et al., 2023). The O-H stretching vibration at 3437 cm!
exhibits a similar profile to that of GP-NC, suggesting that activation enhances the population of hydroxyl (Ma
et al., 2024).Fly ash addition promoted C-S-H gel decalcification in a CO--rich environment, resulting in a lower
Ca/Si ratio and increased silicate polymerization (Chen ef al., 2024).

Table 2. Average contact angle of GP-NC and GP-C.

Material | Contact angle/° | Average contact angle/°
15372
GP-NC 15.525 15.526
15.680
15.222
GP-C 15.076 15.141
15.124

Moreover, this increase in oxygen-containing functional groups contributed to a slight improvement in surface
hydrophilicity, as evidenced by water contact angle measurements. The average contact angle decreased from
15.526° for GP-NC to 15.141° for GP-C after carbonation treatment (Table 2), further confirming the improved
hydrophilic nature of the material surface as a result of carbonation.

3.1.2 Morphological analysis
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Figure 5. SEM micrographs showing the surface morphology of (a) GP-NC, (b) GP-C samples; (c) The pore size
distribution of the GP-NC and GP-C samples.
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The SEM analysis of GP-NC and GP-C clearly highlights the structural differences between the two samples, in
line with the observed changes in their specific surface area. As shown in Figure 5a, the surface of GP-NC is
relatively smooth with limited pore development, suggesting fewer surface features and a more uniform structure.
In contrast, Figure 5b reveals that after carbonation, the surface of GP-C exhibits a significant transformation.
The presence of microcrystalline calcium carbonate, including cubic calcite and rod-shaped aragonite, indicates
the formation of carbonation products that adhere to the surface. These products contribute to an increase in
surface roughness and a greater number of smaller pores, which is consistent with the enhanced specific surface
area of GP-C. During carbonization, reaction products gradually built up along the inner walls of the pores, a
trend clearly visible in the pore size distribution data (Figure 5c). This created two important changes in the
material’s structure: First, it partially filled some of the larger mesopores, forming a network of tiny micropores.
Second, it made the surface more textured and uneven. Interestingly, these structural shifts turned out to be ideal
for trapping crystal violet (CV) molecules. As the inset shows, CV measures about 1.4 nm in size, which is small
enough to fit into the newly formed micropores. The material now had a mix of larger macropores (which help
molecules move freely) and smaller micropores (which maximize surface area for adsorption). Together, these
features boosted the material’s ability to capture and hold CV molecules efficiently. The specific surface area of
GP-NC was measured at 13.1386 m?/g, while that of GP-C reached 56.6997 m?%g, as shown in Table 3.
Carbonation treatment increased the specific surface area of GP-C by more than four times relative to GP-NC.
Our previous study suggested that this substantial increase in surface area contributed to a higher number of
active adsorption sites, thereby enhancing the overall adsorption capacity through improved interactions between
the active sites and the adsorbate.

Table 3. Pore structure characteristic.

Material | BET surface area | Average pore diameter | Total pore volume
m?/g nm cm’/g
GP-NC 13.1386 30.84984 0.101331
GP-C 56.6997 7.09036 0.100505

Crystal violet (CV), a cationic triphenylmethane dye with molecular dimensions of approximately 1.4 nm x 1.4
nm (Wathukarage et al., 2019; Azhar-ul-Haq et al., 2024), demonstrates enhanced adsorption in engineered
mesoporous systems. As shown in Figure 5c, while both GP-NC and GP-C exhibit mesoporous structures (2-50
nm), carbonation significantly modified the pore architecture; GP-NC's broad pore distribution (15-40 nm,
average 30 nm) transitioned to GP-C's narrower range (5-15 nm, average 7 nm) through selective infilling of
larger pores by carbonation products. This structural refinement yielded three key advantages for CV adsorption:
(1) the 7 nm pores provide optimal size matching to the 1.4 nm CV molecules, enabling effective molecular
confinement; (2) the 4.3 times increase in surface area (56.7 vs 13.1 m%g) creates more accessible binding sites;
and (3) the preserved pore volume (0.1005 cm?/g) maintains efficient mass transport despite pore size reduction.
These synergistic effects explain GP-C's superior CV adsorption capacity compared to GP-NC.

3.2 CV adsorption studies
3.2.1 Types of Adsorbents
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Figure 6. Removal efficiency of CV by GP-NC and GP-C.
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The adsorption effects of GP-NC and GP-C on CV were analyzed under identical conditions using 3 g of
adsorbent, room temperature (26°C) and 100 mg/L of CV solution at its natural pH. In both cases, GP-NC and
GP-C followed three distinct stages over time: a rapid stage, a medium-speed stage, and a slow stage. The results
indicated that both adsorbents demonstrated significant affinity for CV, with GP-C showing a higher adsorption
capacity compared to GP-NC. Figure 6 showed that the optimal removal efficiency and adsorption capacity of
GP-C for CV were 91.66% and 6.11 mg/g, respectively. The values for GP-NC were lower, recorded at 76.04%
and 5.07 mg/g. The results indicated that carbonation treatment enhances the adsorption capacity of GP for CV.
The finding suggests that the structural properties of GP-C may enhance its effectiveness in capturing CV
molecules from the solution. Therefore, we have selected GP-C for the upcoming experiments.

3.2.2 Effect of contact time
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Figure 7. Effect of Contact time on CV by GP-C.

The effects of contact time on CV adsorption by GP-C at room temperature (26 °C) revealed a three-stage
adsorption process: a rapid stage, a medium-speed stage, and a slow stage. Other parameters were kept constant,
including 3 g of adsorbent, 100 mg/L of CV solution, and the natural pH of the adsorbent. As Shown in Figure 7,
in the initial rapid stage, most of the dye was removed within the first 30 minutes due to the high availability of
active adsorption sites on the adsorbent surface. As time progressed into the medium-speed stage, the removal
rate gradually decreased as the available sites became occupied. Finally, in the slow stage, after 60 minutes, the
adsorption process reached equilibrium, with minimal changes in removal efficiency. At this point, the active
sites were nearly saturated with CV molecules, and further adsorption was limited, as attachment and detachment
occurred at the same rate after 90 minutes. Extending the contact time beyond this stage did not significantly
improve dye removal. The time required for the dye adsorption process to reach equilibrium was determined to
be 90 minutes, and therefore, this time was selected as the optimal contact time. The optimal removal efficiency
and adsorption capacity of GP-C for CV were 91.66% and 6.11 mg/g, respectively.

3.2.3 Effect of initial dye concentration

The effects of the initial dye concentration on the removal efficiency were investigated by varying the dye
concentrations, while keeping other parameters constant: 3 g of adsorbent, room temperature (26 °C), and the
natural pH of the solution. As shown in Figure 8, The adsorption capacity and removal efficiency increased with
increasing dye concentration (Muzek, Svilovi¢ and Zeli¢, 2014; Sun et al, 2023). When the initial CV
concentration increased from 10 mg/L to 100 mg/L, the amount of dye adsorbed also increased. The removal
efficiencies were 83.0%, 85.31%, 88.61%, 91.66% for the 10mg/L, 20 mg/L, 50 mg/L and 100mg/L CV
solutions, respectively. Similarly, the adsorption capacity increased from 5.53 mg/g for the 10 mg/L solution to
6.11 mg/g for the 100 mg/L solution.
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Figure 8. Effect of initial dye concentration on CV by GP-C.
This trend indicates that at lower dye concentrations, a sufficient number of available pores in the geopolymer

facilitated higher adsorption. The adsorption capacity and removal efficiency of GP-C for CV increased with
higher initial concentrations of CV.

3.2.4 Effect of adsorbent dosage
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Figure 9. Effect of adsorbent dosage on CV by GP-C.

As the dosage of GP-C increased from 3 to 5 grams, the removal efficiency of Crystal Violet (CV) dye improved
from 91.67% to 93.71%, while keeping all other parameters constant (CV concentration: 100 mg/L, room
temperature: 26 °C, and natural pH of the solution); however, further increasing the dosage to 7 grams resulted in
negligible improvement. Indeed, the dye adsorption from solution on the adsorbent material increased as the
amount of the geopolymer increased (Xu, 2008; Al-Zboon, Al-Harahsheh and Hani, 2011). As shown in Figure 9,
the removal efficiency increased initially and then stabilized, while the adsorption capacity decreased
significantly. The enhanced removal efficiency can be attributed to the greater number of active sorption sites on
the geopolymer surface, but beyond a certain dosage, the adsorption process reached saturation, where additional
adsorbent did not significantly improve dye removal. This highlights the need for an optimal adsorbent dosage to
achieve maximum efficiency while maintaining stable adsorption capacity. Moreover, increasing the adsorbent
dosage simultaneously reduced the number of dye molecules adsorbed per unit of adsorbent, leading to a decline
in adsorption capacity. This is because the total number of CV molecules remains constant for a given volume
and concentration of the CV solution, and adding more adsorbent decreases the driving force for each active site,
thereby reducing adsorption capacity.

3.2.5 Effect of pH

The pH of the solution significantly influences the adsorption process by affecting the surface charge of the
adsorbent, the ionization of the adsorbate, and the speciation of adsorbate species, which play a critical role in
dye removal (Mushtaq ef al., 2016). In this study, the effect of pH on CV adsorption was evaluated over a pH
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range of 3 to 11 using 3 g of GP-C, a contact time of 90 minutes, and an initial dye concentration of 100 mg/L at
room temperature (26 °C). The CV removal efficiency increased with rising pH and reached a maximum at pH 9.
However, beyond this point, a further increase in pH led to a gradual decline in adsorption capacity (Figure 10a).
This trend may be attributed to the change in the protonation state of functional groups on the geopolymer
surface, which can be protonated in acidic media and deprotonated under basic conditions. These changes
influence the surface charge, affecting electrostatic interactions with the cationic dye molecules (CV). At mildly
basic pH, the surface likely becomes negatively charged, favoring electrostatic attraction toward CV. Conversely,
under highly basic conditions (pH > 9), the formation of excess hydroxyl ions may compete with dye molecules
for adsorption sites, leading to decreased removal efficiency (Ajmal et al., 2000; Yao, Qi and Wang, 2010).
Under acidic conditions, a high concentration of H;O" ions compete with dye molecules for active binding sites,
and the electrostatic repulsion between the positively charged surface and the cationic CV molecules may hinder
adsorption. Similar pH-dependent behavior has been reported for other bioadsorbents, such as bark (Ahmad,
2009) and apple shell waste (Jain and Jayaram, 2010), where low adsorption at acidic pH was correlated with
surface protonation and reduced electrostatic attraction.
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Figure 10. (a) Removal efficiency of CV by GP-C, Effect of pH; (b) pHpzc of GP-C.

According to the literature (Sarma and Mahiuddin, 2014), the point of zero charge (pHp.c) of the GP-C adsorbent
was determined to be 7.49 (Figure 10b). This value indicates that the adsorbent surface is positively charged at
pH <7.49 and negatively charged at pH>7.49. Considering the pKa values of crystal violet (5.31 and 8.64)
(Rojas et al., 2019), the optimal pH for adsorption lies in a region where the GP-C surface is negatively charged
and CV remains in its cationic form, facilitating electrostatic attraction and enhancing dye removal.

3.3 Isotherm model studies and kinetic studies
3.3.1 Langmuir and Freundlich isotherm models

An isothermal adsorption study was conducted at room temperature over a duration of 120 minutes to ensure
adsorption equilibrium. The initial concentrations of CV ranged from 10 to 100 mg/L. To investigate the
equilibrium adsorption behavior of CV onto the geopolymer samples, both the Langmuir and Freundlich
isotherm models were employed. The mathematical expressions corresponding to these models are presented as
Eq. 3 and Eq. 4, respectively:

Lawygmuier: —

0. Omfil D

Frewnulliche L}, — Lak ¢+ —Lud,
n

(Eq. 3)

(Eq. 4)

In these equations, C. (mg/L) represents the equilibrium concentration of CV in solution, Qmax (mg/g) is the
maximum monolayer adsorption capacity, and K (L/mg) denotes the Langmuir constant related to the affinity of
binding sites. For the Freundlich model, Kr (L/mg) is the Freundlich constant indicating adsorption capacity, and
n is a dimensionless parameter that reflects adsorption intensity and surface heterogeneity.
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Table 4. Isotherms parameters of CV adsorption on GP-C.

Langmuir Freundlich
Qmax (mg/g) | b (L/mg) R? kr (L/mg) | 1/n (mg/L) R?
3.98 -0.074 | 0.9882 | 0.0847 0.6646 0.9975
(a) (b)
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Figure 11. Linear fitting of - a) Langmuir isotherm; b) Freundlich isotherm; c) pseudo-first-order kinetic
model; d) pseudo-second-order kinetic model.

Results were shown in Table 4, Figure 11a and 11b, respectively. The comparison of R? values for the Langmuir
and Freundlich isotherm models indicated that the adsorption of CV onto the GP-C fits better with the
Freundlich model, which had a higher R? value of 0.9975. The Freundlich isotherm describes adsorption on
heterogeneous surfaces and is widely used to represent multilayer adsorption behavior (Wang and Guo, 2020).
The CV molecules were likely adsorbed onto the GP-C surface via multiple active sites with varying affinities.
The 1/n value of 0.6646 (where 0 < 1/n < 1) implies favorable adsorption and a strong interaction between the
CV molecules and the GP-C surface. These results demonstrate that GP-C provides suitable surface
characteristics and porosity for CV adsorption, where increasing the number of adsorption sites could potentially
enhance the overall adsorption performance (Zhou, Ma and Guo, 2020).

3.3.2 Pseudo-first-order and Pseudo-second-order

The adsorption kinetics were analyzed using pseudo-first-order and pseudo-second-order models (Eq. 5 and Eq.
6, respectively), with the corresponding fitting results illustrated in Figure 11c and 11d and summarized in Table
5.

]

P i P B s
LA, — Gf = Ll — AE

(Eq. 5)
(Eq. 6)

In these models, Q; (mg/g) represents the amount of CV adsorbed at time t (min). The rate constants are denoted
as K (1/min) and K> (g/(mg-min)), respectively.
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Table 5. Kinetic parameters of CV adsorption on GP-C.

Co Pseudo-first order kinetic model | Pseudo-second order kinetic model
(mg/L) Q. k; R? Q. K,
(mg/g) | (g/(mg'min)) (mg/g) | (g/(mg'min))
10 0.492 0.0610 0.9931 | 0.596 0.2233 0.9978
20 0.831 0.0493 0.9730 | 1.207 0.1239 0.9988
50 2.278 0.0482 0.9349 | 3.146 0.0425 0.9968
100 3.729 0.0445 0.9522 | 6.388 0.0292 0.9989

c 9 Pseudo-first order kinetic model | Pseudo-second order kinetic model

0 experiment

mg) | (mgle) | A O o R’

(mg/g) | (g/(mg min)) (mg/g) | (g/(mg-min))

10 0.5535 | 0.5421 0.0251 0.9812 | 0.5550 0.1023 0.9999
20 1.1371 1.1125 0.0228 0.9785 | 1.1400 0.0456 0.9999
50 2.9546 | 2.9012 0.0203 0.9723 | 2.9600 0.0187 0.9999
100 6.1110 | 5.9800 0.0185 0.9610 | 6.1200 0.0089 0.9999

The pseudo-second-order model provided a better fit for CV adsorption on GP-C across all concentrations, as
evidenced by higher R? values (0.9978-0.9989) compared to the pseudo-first-order model (0.9522-0.9931). The
calculated Q. values from the pseudo-second-order model (0.596-6.388 mg/g) closely matched the experimental
data (0.5535-6.1110 mg/g), while the pseudo-first-order model underestimated the adsorption capacity. The
maximum adsorption rate reached 0.2233 g/(mg-min) at the lowest CV concentration (10 mg/L), decreasing with
increasing concentration due to site saturation. This kinetic behavior indicates the adsorption process is
controlled by surface chemical reactions rather than simple diffusion.

4. Adsorption Mechanism for CV

The process of CV adsorption onto GP-C involves several key mechanisms working together. In water, CV
breaks down into positively charged CV™ ions and negatively charged Cl ions. Analysis through FTIR confirms
that GP-C contains hydroxyl (OH) groups, which interact with the CV™ ions (Batool et al., 2021). When the
adsorption process occurs in solution, the [AIO*]* and [SiO*]* in the C(N)-A-S-H gel structure of GP interact
with CV™ through electrostatic interactions, as CV is a typical cationic dye. Experimental data shows that as the
pH increases, the amount of CV adsorbed onto GP-C also rises, suggesting that pH plays a key role in the
adsorption process. The primary mechanism driving this adsorption is electrostatic attraction. The GP-C surface
becomes negatively charged, which attracts the positively charged CV™ ions, leading to the formation of an
adsorbed complex. This can be described by the reaction between GP-C and hydroxide ions (OH"), where the
hydroxyl groups on the GP-C surface become negatively charged:

GP-C(Si-OH) + OH™ — GP-C(Si-O") + H,O
These negatively charged sites then attract the positively charged CV* ions:
GP-C(Si-O") + CV*Cl'— GP-C(Si-OCV*) + CI
But electrostatic interactions aren’t the only mechanism at play. Hydrogen bonding also contributes to the
process. The Si-OH groups on GP-C form bonds with the nitrogen (N) atoms in CV molecules (Zhang et al.,
2022), further stabilizing the adsorbed dye:
GP-C(Si-OH) + CV — GP-C(Si-OH:-"N-CV)
Additionally, due to CV's triphenylmethane structure, n-n interactions occur between the aromatic rings of CV

and the carbonated regions of GP-C (Nufiez et al., 2019; J. Liu et al, 2021). These interactions further
strengthen the adsorption, helping to keep the CV molecules firmly attached to the surface. During the
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carbonation of GP-C, CO; reacts with calcium ions, forming carbonate deposits that increase the surface area
and provide more active sites for adsorption. Moreover, the decalcification process within the material’s
structure leads to a negative charge imbalance (Jin et al., 2020). This is balanced by the oxygen in silicate chains,
which captures positively charged species like silicon and hydrogen from water. This enhances the formation of
Si-O-Si bonds, increasing the material's polymerization and improving its ability to interact with water, making
it even more effective at adsorbing CV.

Surface Diffusion

Pore Diffusion

-
==

Hie

Chemisorption

Figure 12. Proposed adsorption mechanism (CV and GP-C).
Overall, the combination of electrostatic attraction, hydrogen bonding, and n—n interactions makes GP-C an
efficient material for removing CV from water. These mechanisms (Figure 12.) work together to ensure the dye
is effectively adsorbed, demonstrating the material's potential as a powerful adsorbent.

5. Conclusion

This study successfully demonstrated that carbonation significantly improves the adsorption performance of fly
ash-steel slag geopolymers for CV. Under optimized conditions (3 g adsorbent, 100 mg/L CV, pH 9), GP-C
achieved a 91.66% removal efficiency and 6.11 mg/g adsorption capacity, surpassing GP-NC (76.04%, 5.07
mg/g). Key findings include:

1. Pore structure refinement: Carbonation reduced average pore size from 30 nm to 7 nm, increasing the BET
surface area 4.3 times (from 13.13 to 56.70 m?/g), and exposing more active sites.

2. Adsorption mechanisms: Synergistic effects of (i) electrostatic interactions between CV* and negatively
charged [A10*]*/[Si0*]* gels and (ii) hydrogen bonding with surface Si-OH groups (confirmed by FTIR).

3. Kinetics and isotherms: The process followed the Freundlich model (multilayer adsorption) and pseudo-
second-order kinetics (R? > 0.997), indicating chemisorption dominance.

4. pH resilience: GP-C performed optimally at pH 9 (near CV pKa = 8.64), with the pHpy, (7.49) ensuring
surface negativity for cationic CV attraction.

The study underscores the potential of carbonation technology to transform industrial byproducts (steel slag, fly
ash) into high-efficiency, eco-friendly adsorbents. Future work could explore regeneration cycles and pilot-scale
applications to advance practical implementation.
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