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A B S T R A C T   

This study highlights a pioneering approach in the development of an efficient, affordable, and economically 
feasible adsorbent specifically tailored for the removal of glyphosate (Gly) from contaminated water. To 
accomplish this objective, a low-cost and pure NaA Zeolite (NaAZ) was synthesized with 93% crystallinity from 
Austrian fly ash (AFA) as a precursor for the first-time. Taguchi design was employed to optimize critical pa
rameters such as the SiO2/Al2O3 ratio, alkalinity concentration, time, and temperature. The cation exchange 
capacity (CEC) and external cation exchange capacity (ECEC) are determined as critical factors for the modifi
cation process. Subsequently, the pure NaAZ was modified with hexadecyl trimethyl ammonium chloride 
(HDTMAC), a cationic surfactant. The utilization of surfactant-modified zeolite (SMZ) for Gly removal demon
strates its innovative application in this field, highlighting its enhanced adsorption capacity and optimized 
surface properties. The AFA, NaAZ, and SMZ were characterized using analytical techniques including XRD, XRF, 
FTIR-ATR, SEM, TGA, BET, CHNSO analyzer and ICP-OES. The adsorbent exhibited effective Gly removal 
through its pH-dependent charge properties (pH 2–10), with an optimized pH 6 facilitating a significant elec
trostatic interaction between the adsorbent and Gly. SMZ demonstrated remarkable adsorption capacity and 
removal efficacy, surpassing most reported adsorbents with values of 769.23 mg/g and 98.92% respectively. Our 
study demonstrates the significant advantage of the SMZ, with a low leaching concentration of only 6 ppm after 
60 days, ensuring environmental safety, long-term stability, and public health considerations. The kinetics of the 
adsorption process was well described by the pseudo-second order and the Freundlich isotherm. Pore diffusion 
and H-bonding were postulated to be involved in physisorption, whereas electrophilic interactions led to 
chemisorption type of adsorption. Consequently, SMZ provides a practical significance, broad applicability and 
promising solution for Gly removal, facilitating sustainable water treatment.    

[1] https://www.weforum.org/agenda/2021/08/4-key-steps-deco 
mmissioning-coal-fired-power-plants/  

[2] https://cleanwater.org/whats-your-water  
[3] https://hub.jhu.edu/at-work/2021/10/13/why-you-should-drin 

k-a-glass-of-water/  
[5] https://www.chemdraw.co.ac/ 

1. Introduction 

Agriculture, heavily reliant on the use of pesticides and herbicides, 
plays a pivotal role in global food production, while also raising sig
nificant environmental and health considerations (Carneiro et al., 
2015). Gly, a non-selective and broad-spectrum herbicide, is extensively 
used in various commercial products like Roundup to effectively 
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eliminate long grasses and broadleaf weeds from major grain crops such 
as corn, soybean, wheat, and more (Tao et al., 2022; Wang et al., 2024). 
With its high water solubility (~12 g/L), the chemical demonstrates 
remarkable mobility, posing concerns for potential leaching and runoff, 
and thereby impacting surface and groundwater quality (Arroyave et al., 
2016; Liang et al., 2020). Therefore, exposure to this type of herbicide 
has been correlated with a spectrum of detrimental effects, including 
cardiovascular and respiratory disorders, ocular and dermal inflamma
tion, potential endocrine disruption, and possible pregnancy complica
tions (Myers et al., 2016; Xie et al., 2023). As a result, it is crucial to 
emphasize the removal of Gly from polluted aqueous systems to mitigate 
its adverse impacts. Adsorption stands out as a significant and effective 
approach for the remediation of such pollution, owing to its notable 
attributes of environmental friendliness, versatility, ease of design, and 
cost-effectiveness (Mayakaduwa et al., 2016; Li et al., 2021). There are 
distinctive sorts of adsorbents used for the removal of Gly, such as 
molecularly imprinted polymers (Do et al., 2015), metal-organic 
frameworks (Pankajakshan et al., 2018), soils (Graziano et al., 2023), 
clays (Nargis et al., 2022), biochar (Cederlund et al., 2017) and zeolites 
(Sittiwong et al., 2022). 

Zeolites are the most effective adsorbents among these other vari
eties due to their porous structure, large specific surface area, high 
cation exchange capabilities, and inexpensive cost. Zeolites could be 
synthesized from solid waste material such as Coal fly ash (CFA) pro
duced from coal combustion of coal-fired power plants. Due to the 
prevalence of amorphous aluminosilicate in CFA, it is a highly potential 
source for synthesizing various types of green zeolites, such as FAU, LTA, 
and GIS. NaA (LTA) zeolite was chosen for synthesis in this study due to 
its exceptional physicochemical properties, including non-toxicity, high 
porosity, excellent thermal stability, regular internal tunnels, and high 
cation exchange capacity. These properties make NaA zeolite widely 
applicable in gas and liquid purification, wastewater treatment. 
Considering the vast quantities of CFA manufactured (more than 750 
million tons per year) (Asl et al., 2018) and the known association with 
significant environmental and health concerns, such as lung cancer, it is 
imperative that research be conducted on the managing of CFA. 

Therefore, many investigations have been performed on synthesizing 
zeolitized CFA, its characterization, and its application (Wang et al., 
2003; Liu et al., 2013; Attari et al., 2017). However, their inherent hy
drophilic nature and negative surface charge can limit the effectiveness 
of zeolites in adsorbing ionic contaminants. To enhance their hydro
phobicity, adsorption capacity, and introduce a positive surface charge, 
zeolites are often modified with cationic surfactants (Andrunik et al., 
2023). For this objective, a quaternary amine containing a long-chain 
cationic surfactant, such as hexadecyl trimethyl ammonium bromide 
or chloride (HDTMAB/C), has been utilized (Crocker et al., 1995; Li 
et al., 1998). HDTMAC is not leached in the solution and, hence, is not 
toxic to wildlife and microorganisms when attached to zeolite (Choi and 
Shin, 2020). The application of environmentally friendly, inexpensive 
materials with a high adsorption capacity is critical for expanding sus
tainable and efficient techniques for Gly removal. 

As far as the authors are aware, although the synthesis of zeolite from 
coal fly ash has been explored in many studies, there is not any inves
tigating the synthesis of zeolite from AFA which composition was more 
complex and difficult to synthesize the NaAZ. In addition, data on the 
effect of cationic surfactant on the properties of zeolite as an adsorbent 
for removal of Gly has not yet been reported in the literature. Therefore, 
this study not only demonstrated the potential increase in economic 
value and mitigation of disposal issues through the conversion of AFA to 
zeolite but also successfully developed a remarkably proficient, cost- 
efficient, and unique adsorbent for the removal of Gly, along with 
postulated mechanisms. A design of experiments (DOE) was utilized to 
ascertain the optimal parameters for both the zeolite synthesis and the 
batch adsorption of Glyphosate (Gly). The application of DOE aimed to 
minimize the number of experiments, reduce errors, enhance process 
reliability and performance, and decrease costs, time, and energy 

consumption. The capability of adsorbents was determined to assess the 
leaching of adsorbed-Gly and heavy metals from AFA, NaAZ, and SMZ. 
The study examines different isotherm and kinetic models to describe 
Gly adsorption behavior and discusses potential mechanisms on SMZ 
adsorbent. 

2. Materials and methods 

2.1. DOE using Taguchi model 

The formation parameters, such as SiO2/Al2O3 ratio, alkalinity 
concentration, time, and temperature, play a crucial role in determining 
the type of zeolite formed. Therefore, it is important to evaluate the 
effects of these parameters and conditions on the synthesis efficiency 
and characteristics of the synthetic zeolite. The optimization of these 
parameters at three levels for the synthesis of pure NaAZ from AFA was 
achieved using a Taguchi L9 orthogonal array (Dargahi et al., 2012) 
(Table 1S). The analysis of the results was conducted using Minitab 
software (version 18, Minitab Inc., USA). The yield and crystallinity 
percentages of the samples were computed by applying Eqs. (1) and (2) 
(Ruen-ngam et al., 2009; Aldahri et al., 2017), respectively. To ensure 
reproducibility, all experiments were performed in triplicate.  

Yield % = Wsample / WFAFA * 100                                                      (1)  

Crystallinity % =
∑

relative intensities of NaA / 
∑

relative intensities of 
reference × 100 (2)                                                                                

The weight of the synthesized zeolite (Wsample) in g and the weight of 
the fused AFA (WFAFA) in g are used in the yield calculation. The per
centage of crystallization is determined by expressing the ratio of the 
sum of the relative intensities of the NaAZ obtained from AFA to the sum 
of its relative intensities in the reference. 

2.2. Synthesized pure NaAZ under optimized factors 

The optimized parameters derived from the Taguchi design were 
utilized to synthesize pure NaAZ with a high yield and crystallinity 
percentage, as detailed in the XRD section. In brief, AFA and NaOH 
powders (98%, Sigma Aldrich, Canada) were thoroughly pulverized at a 
weight ratio of 1:2. The resulting mixture was fused at 550 ◦C for 1 h in a 
furnace. Subsequently, 6 g of the fused AFA was mixed with 60 mL of 
distilled water. 0.5 M NaAl2O3 solution (95%, Sigma Aldrich, Canada) 
was then added to the reaction mixture. The composition gel was aged at 
ambient temperature for 8 h (h), and then transferred to a Teflon-lined 
stainless-steel autoclave, where it was subjected to a temperature of 
85 ◦C for a duration of 6 h to facilitate the crystallization of NaAZ. 
Finally, the sample was washed with water to eliminate any unreacted 
and water-soluble components, dried at 105 ◦C for 7 h, resulting in the 
synthesis of optimized pure NaAZ (Ameh et al., 2017). In the process of 
determining zeolite’s CEC, the methodology involves achieving equi
librium via ammonium (NH+4) ion exchange, and then replacing NH+4 

ions with sodium (Na+) ions as outlined by El-Naggar (El-Naggar et al., 
2008). The ICP-OES technique is employed to quantify the concentra
tion of exchangeable ions. The experiment was performed in triplicate. 

2.3. Preparation of SMZs 

The sorption of surfactant on zeolite surfaces is governed by two 
critical factors: the ECEC (Hailu et al., 2017) of the NaAZ and the critical 
micelle concentration (CMC) (Wang and Peng, 2010) of the HDTMAC. 
These parameters intricately influence the adsorption process, dictating 
the arrangement and configuration of surfactant molecules on the 
zeolite surface, thereby leading to the formation of various structures, 
including monolayers and bilayers. The ECEC value of the NaAZ was 
determined using a method previously established (Haggerty and 
Bowman, 1994). This method involved saturating the external 
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exchangeable sites of the NaAZ with sodium chloride and subsequently 
exchanging them with HDTMAC (Haggerty and Bowman, 1994). Addi
tionally, in colloidal and surface chemistry, CMC is defined as the con
centration of surfactants at which micelles start to form, and additional 
surfactants added to the solution predominantly produce micelles 
(Wang and Peng, 2010). When the surfactant concentration in the so
lution is equal to or lower than the CMC (0.92–1.0 mmol/L for 
HDTMAC) (Ghiaci et al., 2004), the most probable mechanism (elec
trostatic mechanism) of surfactant adsorption on a solid surface is the 
formation of a surfactant monolayer. However, when the surfactant 
concentration exceeds the CMC, a bilayer of surfactant molecules is 
attached to the external surface, where the outer layer of surfactant 
molecules is bound by hydrophobic interactions (Chutia et al., 2009). 
Hence, in order to produce modified SMZs, 5 g of NaAZ was introduced 
into a 20 mL solution of HDTMAC (98%, obtained from Sigma-Aldrich, 
Canada) at concentrations of 1, 20, and 50 mmol/L, which are 
approximately 0.2, 4, and 10 times higher than the ECEC, respectively. 
The mixture was then stirred for 3 day at room temperature. Afterward, 
the resulting samples were washed with an excess of deionized water 
until no foam formed when shaking the supernatant in a 1:10 
solid-to-solution ratio. Finally, the samples were dried for 7 h at 105 ◦C. 
As a consequence of the experimental procedure, three distinct samples 
were generated, each labeled as SMZ1, SMZ20, and SMZ50. 

2.4. Batch adsorption studies 

2.4.1. Identifying highly effective adsorbent 
In this study, it is imperative to compare the adsorption capacities of 

NaAZ and SMZ with different concentration in various pH to identify the 
most efficient adsorbent for Gly removal. Consequently, two experi
ments were carried out to address this objective. 1) Optimizing the pH is 
crucial for this study due to the surface charge of zeolite. To ensure 
accurate results and prepare for further experiments, NaAZ and SMZ20 
were both tested at a concentration of 1.2 g/L across a pH range of 2–10 
for a duration of 24 h. Based on the results, which are detailed in section 
3.2.1, a pH of 6 was selected as the benchmark for our research exper
iments. Additionally, the experiment included the parallel investigation 
of the pH of the point of zero charge (pHpzc) (Noroozi et al., 2018). 2) 
Other experiments were carried out using 1.2 g/L of NaAZ, SMZ1, 
SMZ20, and SMZ50 with a 100 mg/L Gly solution at pH 6 in four 
polypropylene vials. Based on the results of this experiment, SMZ20 has 
been selected as the optimized adsorbent in this study for the removal of 
Gly. This choice was based on its superior performance, as discussed in 
section 3.2.2. It is worth to mention that, the suspensions of all 
adsorption experiments were agitated at 150 rpm using a rotating 
shaker, and subsequent centrifugation allowed for analysis of the su
pernatants using ion-exchange chromatograph-optical emission spec
troscopy (IC-OES). To enhance the robustness of the experimental 
findings, a triplicate approach was employed for all experiments. 

2.4.2. Taguchi-optimal factors 
The working solution was prepared from a 1000 mg/L Gly (%98, 

Sigma Aldrich, Austria) stock solution. The working solution concen
tration was based on environmental water samples, particularly those 
from Gly manufacturing. High Gly concentrations in natural waterways 
are improbable (Battaglin et al., 2009; Hu et al., 2011; Mayakaduwa 
et al., 2016). Adsorption conditions were optimized using a Taguchi 
experimental L16 array. To optimize adsorption capacity and removal 
efficiency, initial concentration (5–250 mg/L), adsorbent dose (0.1–2 
g/L), and contact time (0.5–24 h) were examined. Table 2S lists exper
imental variables and levels. Each experiment was triplicated to assess 
uncontrolled factors. The following equations calculated equilibrium 
adsorption capacity and removal efficiency (Diel et al., 2021a).  

qe = [C0–Ce] V/M                                                                           (3)  

Removal % = [C0–Ce / C0] * 100                                                       (4) 

where qe is the equilibrium adsorption capacity (mg/g); C0 and Ce are 
the initial and equilibrium concentrations of Gly (mg/L), respectively; M 
is the mass of the adsorbent (g), and V is the volume of solution (L). 

2.4.3. Isotherm and kinetics of adsorption 
Adsorption isotherm tests were conducted using Gly solutions with 

concentrations ranging from 100 to 500 mg/L, in combination with 1.2 
g/L of SMZ20. The tests were carried out for a duration of 2 h at pH 6. 
For the kinetics experiments, suspensions containing 1.2 g/L of adsor
bent and 100 mg/L of adsorbate were vigorously shaken at 150 rpm on a 
rotating shaker. The contact times ranged from 5 min to 24 h, and the 
experiments were performed at pH 6. 

2.5. Leaching test 

2.5.1. Leaching of heavy metals 
The DIN 38414 S4 Germany standard leaching test was employed to 

examine the leached metal concentrations from AFA, NaAZ and SMZ20. 
In this test, 1:10 triplicate of samples were stirred for 24 h in ultrapure 
MilliQ water, filtered, and evaluated by ICP-OES (Kazi et al., 2005). 

2.5.2. Leaching of Gly from saturated adsorbents 
A leaching test was performed to assess NaAZ and SMZ20’s capa

bility to prevent Gly from leaching into the solution. To the authors’ 
knowledge, only a few research has explored the effect of time on the 
leaching of Gly from saturated adsorbent (Diel et al., 2021b; 
Milojević-Rakić et al., 2022). This experiment combined 1.2 g of satu
rated adsorbents (NaAZ-Gly and SMZ20-Gly) with 1 L of distilled water. 
After 1, 15, and 30 days, the samples were filtered and IC-OES quantified 
Gly leachate in the supernatants. 

2.6. Characterization 

Semi-quantitative chemical analysis was conducted using X-ray 
fluorescence (XRF) on a Rigaku ZSX Primus XRF machine equipped with 
an end window 4 KW RH-anode X-ray tube (Rigaku, Canada) to identify 
the chemical composition of the AFA. To determine the crystalline 
phases of AFA, NaAZ, and SMZ20, X-ray diffraction (XRD) analysis was 
performed using a Rigaku Miniflex 300 with CuKα (K for Kα = 1.54059 
Å) over the range of 5◦ < 2θ < 70◦ with a step width of 0.02◦. Fourier 
transform infrared spectroscopy-attenuated total reflection (FTIR-ATR, 
Canada) was utilized to identify the nature of the functional groups 
involved in the samples, covering the wavelength range of 400–4000 
cm− 1. Thermogravimetric analysis - derivative thermogravimetric 
(TGA-DTG, Canada) was carried out using a TGA1-00744 Canada in
strument, heating the samples at a rate of 10 ◦C/min under nitrogen 
purge from 25 to 600 ◦C. The specific surface area (SSA), pore volume, 
and pore size of the samples were determined using a nitrogen adsorp
tion technique based on the Brunauer–Emmet–Teller (BET, Canada) 
model, employing the N20-25e Nova 2000e instrument. Scanning 
Electron Microscopic (SEM, Iran) analysis was performed using a MIRA3 
instrument (TESCAN, Canada) to examine the morphology and 
elemental composition of the samples. The HDTMAC concentrations in 
the samples were determined based on the carbon concentrations 
measured using a CHNSO analyzer (Costech 4010 CHNSO analyzer). 
Elemental concentration analysis of different elements in solutions was 
conducted using Inductively Coupled Plasma-Optical Emission Spec
troscopy (ICP-OES) with an Agilent Technologies 7500cx instrument 
(Canada). 
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3. Results and discussion 

3.1. Characterization 

The major chemical constituents of the AFA, NaAZ and SMZ20 are 
presented in Table 1, analyzed using the XRF technique. The results of 
XRF indicate that the AFA falls under class F, as the combined content of 
SiO2, Al2O3, and Fe2O3 exceeds 70% (Bukhari et al., 2015). The low loss 
on ignition (LOI) value indicates a minimal presence of unburned carbon 
or organic material in the mixture. It is important to mention that there 
was an elevation in Na2O content within the NaAZ. This affirms the 
successful creation of NaAZ (de Aquino et al., 2020). However, Na2O 
reduction in SMZ20 sample suggests the loading of HDTMA on NaAZ 
through a cation exchange mechanism involving quaternary ammonium 
cations and Na + ions. The SiO2/Al2O3 ratio of AFA (2.1) suggests the 
requirement of an additional aluminum source for the synthesis of 
NaAZ, as the typical SiO2/Al2O3 ratios for NaAZ range from 1 to 1.2 M 
ratios. The intended SiO2/Al2O3 ratio of 1.08 for NaAZ and SMZ20 was 
the objective during the synthesis of NaAZ. The CEC and ECEC values for 
AFA and NaAZ provided in Table 1. (Zhang et al., 2013). The raised CEC 
value compare to AFA demonstrated the exceptional purity level of the 
zeolite product (93%). (El-Naggar et al., 2008). 

The Rietveld fit of the XRD recorded on the AFA powder is shown in 
Fig. 1 (I). The diffraction data indicate the presence of amorphous and 
crystalline phases in the AFA. The phases have been identified as 
amorphous aluminosilicate (42%), quartz (SiO2, 31%), mullite 
(3Al2O3⋅2SiO2, 25%) and hematite (Fe2O3, 2%). The existence of a 
significantly reactive amorphous aluminosilicate glassy phase, evident 
as a broad peak between 20◦ and 25◦ in the 2θ range, promotes the 
generation and development of zeolite structures (El-Naggar et al., 
2008). Through the conversion process, the predominant crystalline 
phases of aluminosilicates in AFA was converted into zeolitic crystals via 
an alkali hydrothermal reaction. The aluminosilicates dissolved into the 
reaction mixture, forming clusters, nucleating, and growing as crystals 
on the surface of AFA (Bukhari et al., 2015). The alkalinity, SiO2/Al2O3 
molar ratio, crystallization temperature, and reaction time were key 
factors in zeolite synthesis. A Taguchi design with an L9 orthogonal 
array was used to investigate their influence on crystallinity and yield 
percentage. Results are summarized in Table 3S. The results indicate 
that the SiO2/Al2O3 molar ratio plays a pivotal role in the crystallization 
of NaAZ. It has been observed that alterations in the SiO2/Al2O3 molar 
ratio exert a substantial influence on the nucleation and crystallization 
processes of diverse zeolite frameworks. This phenomenon can be 
attributed to the fact that zeolite structures are formed through the 
three-dimensional linkage of SiO4

4− and AlO4
5− tetrahedra with oxygen 

atoms. Therefore, increasing the SiO2/Al2O3 ratio from 1 to 2.5 tends to 
promote the formation of zeolites A, X, and P (Yi et al., 2012). The XRD 
patterns of the samples (Z1-Z9) depicted in Fig. 1 (II) reveal distinct 
peaks corresponding to the synthesized NaP1, sodalite (SOD), and NaX 

and NaA phases during the crystallization process. Moreover, higher 
NaOH concentrations resulted in increased dissolution of Si and Al from 
the fly ash, thereby accelerating zeolite formation and causing alter
ations in properties such as crystallization percentage and peak in
tensities. (Anbia et al., 2015). This is evident from the intensified XRD 
peak intensities in Z2, Z4, and Z8 (representing NaP1, NaX, and NaA, 
respectively). Additionally, the hydrothermal temperature significantly 
affects the nucleation and crystal growth processes. At higher temper
ature, the rates of crystallization and nucleation are increased. The 
formation of zeolite is thermodynamically metastable, so the control of 
reaction temperature is important. Furthermore, the hydrothermal re
action time also have significant effects on the crystalline morphology of 
synthetic zeolites. Proper hydrothermal time can obtain the zeolites with 
relatively uniform particle size and crystals (Chaves et al., 2012). The 
findings of this study offer valuable insights for the treatment of AFA and 
the development of innovative recycling methods to create valuable 
green products from waste AFA. Therefore, the optimum conditions to 
obtain the NaAZ with 93% crystallinity and 89% yield were found to be 
temperature level (85 ◦C), NaAl2O3 (0.5 M) and AFA/NaOH (1:2 wt 
ratio) and duration (6 h). The optimal conditions were verified through 
three separate experiments conducted for run 8, and the results consis
tently showed that the synthetic zeolite achieved the highest mean 
crystallinity value of 95% under these optimized operating conditions. 
Fig. 1 (III) exhibit the crystalline phases of optimized NaAZ (a) and 
SMZ20 (b). The prominent peaks observed in the pattern Fig. 1 (III, a) 
provide strong evidence for the formation of highly pure NaAZ. These 
peaks are particularly intensified at 2θ angles of 7.10◦, 10.08◦, 12.40◦, 
16.08◦, 21.60◦, 24.70◦, 27.10◦, 29.90◦, 34.10◦, and 52.54◦. As shown in 
Fig. 1 (III, b), the modification has no impact on the crystalline structure 
of NaAZ. However, compared to synthesized zeolite, the crystallinity 
percentage dropped to 90%, indicating that the cationic surfactant was 
immobilized successfully on the surface of zeolite (Thanos et al., 2012; 
Choi and Shin, 2020). 

FTIR spectroscopy was employed to confirm the structures of syn
thesized NaAZ, SMZ20, and SMZ20-Gly. Fig. 2 (I) depicts a spectrum 
with a wavenumber ranging from 400 to 4000 cm− 1. The stretching 
vibration of adsorbed water and O–H groups on the zeolite [Fig. 2 (I, a)] 
surface is represented by a wide band at 3450 cm− 1. The band at 1670 
cm− 1 is attributed to the bending vibrations of water molecules (Davis 
and Tomozawa, 1996). The FTIR-ART spectra of the T–O bending vi
bration at 475 cm− 1, double ring at 579 cm− 1, the single 4-membered 
rings in the 670 cm− 1 and the TO4 antisymmetric stretch at 989 cm− 1 

are considered as evidence of a zeolitic structure formation. The FTIR 
spectrum of prepared NaAZ was comparable with those previously re
ported in the literature (Bukhari et al., 2014). Whenever the IR spectrum 
of the modified sample [Fig. 2 (I, b)] is compared to NaAZ, characteristic 
peaks are observed at wavenumbers of 2900, 2800, and 1480 cm− 1 

(Bouberka et al., 2009). The bands at around 2800–2900 cm− 1 indicate 
symmetric and antisymmetric stretching vibrations of the –CH2 units of 
the alkyl chain. The immobilization of HDTMAC does not affect the 
linkage of the Si–O and Al–O bonds in the zeolitic substrate, as evi
denced by the presence of vibrations at 475, 579, and 670 cm− 1 within 
the crystal structure. However, a noticeable shift in these peaks and an 
increase in intensities indicate the successful immobilization of 
HDTMAC on the surface of NaAZ. In addition, the band at about 1480 
cm− 1 was specified for the vibration of the trimethylammonium qua
ternary group (Noroozi et al., 2018). In the section devoted to the 
mechanism of adsorption, the FTIR-ATR graph of SMZ20-Gly [Fig. 2 (I, 
c)] will be discussed in detail. 

Zeolite could adsorb water and desorb it from the surface by losing 
weight in the range of 40–130 ∘C (Aldahri et al., 2016). Fig. 2 (II) (A&B) 
compare the TGA-DTG of NaAZ and SMZ20. The weight loss percentage 
(14.2%) in [Fig. 2 (II, A)] at 120 ◦C is indicated for the water content 
removal of NaAZ (Bohra et al., 2014). In [Fig. 2 (II, B)], the first weight 
loss peak indicated the water removal (3.96%) in the modified zeolite 
also at 120 ◦C, which is significantly lower than NaAZ, verifying a lower 

Table 1 
The chemical composition for AFA, NaAZ and AMZ20 using XRF technique.  

Parameters AFA wt.% NaAZ SMZ20 

Major oxides 
SiO2 50.67 32.15 32.15 
Al2O3 23.20 30.10 30.10 
Fe2O3 7.73 6.70 6.70 
CaO 6.90 5.20 5.20 
MgO 2.81 1.68 1.68 
K2O 2.05 2.10 2.10 
Na2O ND* 18.10 2.5 
LOI 3.39 3.39 3.39 
Total 96.75 99.42 83.82 
SiO2/Al2O3 2.1 1.08 1.08 
CEC (meq/100g) 15 435 – 
ECEC ((meq/100g) 10 100 – 

*Not detectable (ND). 
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presence of water in the modified zeolite (Dammak et al., 2014). The 
SMZ20 exhibits secondary decomposition between 230 and 325 ◦C, as 
shown by the peak in the derivative curve in [Fig. 2 (II, B, d)]. This could 
be explained by HDTMAC’s hydrophobic-hydrophobic interactions, 
which implies that the surfactant may be immobilized on the surface of 
zeolite in a bilayer (Schick et al., 2010). Another difference between 
unmodified and modified zeolite TGA-DTA curves is the presence of a 

third mass loss derivative peak between 380 and 450 ◦C, which is 
probably attributable to the electrostatic interaction of the ammonium 
cation head group of HDTMAC with the negative charge of the zeolite 
surface (Dammak et al., 2015). The modified and unmodified graphs 
reveal a slight mass loss with a trend to steady when the temperature 
rises over 500 ◦C, suggesting that the TGA process is complete. 

The SEM morphological analysis of NaAZ and SMZ20 is depicted in 

Fig. 1. (I) XRD pattern and quantitative phase analysis of AFA (pie chart), (II) XRD patterns of nine trials by Taguchi model to produce NaAZ (Z1-Z9 from down to 
top); quartz (Q), mullite (M), NaX (X), NaA (A), NaP1 (P) and SOD (S), and (III) XRD patterns of optimized NaAZ (a) and SMZ20 (b). 

Fig. 2. (I) FTIR-ATR spectra of NaAZ (a), SMZ20 (b) and SMZ20-Gly (c) in the wavelength between 400 and 4000 cm− 1. (II) TGA-DTG curves of NaAZ (A) and SMZ20 
(B). The falling curves (a, c) represent mass loss throughout the 25–600 ◦C heating process (50 mL/min N2 and 10 ◦C/min) and the temperature marked on the 
derivative curves (b, d) corresponds to the temperature around which the mass losses occur. (III) SEM images of NaAZ in 10 μm (a), NaAZ surface in 500 nm (b) and 
SMZ20 in 1 μm (c). 
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Fig. 2 (III). Cubic zeolite crystal structure [Fig. 2 (III, a)] and a small 
amount of amorphous phase revealed that NaAZ crystallized on the 
surface of AFA. Even though the SMZ20 still preserves NaAZ’s cubical 
shape [as shown in Fig. 2 (III, c)], the existence of small, uniform 
aggregated particles on the surface of SMZ20 is definitive proof that 
HDTMAC molecules, which are not visible in [Fig. 2 (III, b)], were 
successfully immobilized on the surface of the zeolite. The results of 
structural and textural analysis of modified samples showed that sur
factant molecules attached to the external surface of zeolites and vali
date the result of XRD. 

SSA, pore volume, and pore diameter measurements could explain 
NaAZ and SMZ20 textural properties. The NaAZ’s SSA declined from 61 
m2/g in NaAZ to 45 m2/g, indicating that HDTMAC blocked portions of 
the NaAZ’s major channels and reduced N2 flow (Dávila-Estrada et al., 
2018). The SSA of the NaAZ in this experiment were comparable to those 
of commercial zeolites, which illustrated the synthetic zeolites from AFA 
was competitive in quality and feasible for further reuse as adsorbents. 
Pore volume is similarly reduced in NaAZ and SMZ20, respectively, from 
0.3 to 0.2 cm3/g. Long-chain organic surfactant molecules on the zeo
lite’s external layer and at a distance equal to the zeolite super cage’s 
pore openings are responsible for the pore volume reduction. Compared 
to the SSA and pore volume, the pore diameter follows the opposite 
trend. Large surfactant molecules with long hydrocarbon tails block 
pores causing a decrease in the total pore volume and the surface area. 
NaAZ pore diameter is 4 Å in size, whereas those in the SMZ20 is 14.8 Å. 
A possible explanation for this result is the presence of a micelle-like 
macromolecular surfactant on the zeolite’s outer surface (Reeve and 
Fallowfield, 2018). 

3.2. Identifying highly effective adsorbent 

3.2.1. Effect of pH 
pH plays a vital role in adsorbent surface charge changes, Gly 

deprotonation reactions, and adsorbent speciation (Mohsen Nourouzi 
et al., 2010; Mamindy-Pajany et al., 2014; Herath et al., 2016b). The 
adsorption capacity of NaAZ and SMZ20 at different pH values between 
2 and 10 was determined. According to the literature, the pKa values for 
Gly are 0.78, 2.29, 5.96, and 10.90 (Li et al., 2005). Thus, Gly has a 
positive charge at highly acidic pH values, a neutral charge between 
0.78 and 2.29 pH values, and a negative charge above 2.29 pH values 
that increase with rising pH values (Zhou et al., 2013). As seen in Fig. 1S 
(A), the maximal adsorption capacity of NaAZ (28 mg/g) was deter
mined at a strongly acidic pH of ~3. The pHpzc might be a crucial 
parameter to explain the effect of pH on the adsorption process 
(Mayakaduwa et al., 2016). When the pH of the solution decreases just 
below the pHpzc in the NaAZ (pH < 3.3), the surface of the NaAZ appears 
positively charged, demonstrating the strong electrostatic interactions 
with negatively charged groups of Gly molecules at pH values ranging 
from ~2.29 to 3.3. Then, when the pH of the solution increases, the 
number of positive charge sites on the NaAZ surface reduces, and the 
adsorption of Gly diminishes due to the repulsive interaction between 
the negatively charged adsorbent and the Gly. Consequently, it is 
assumed that strong electrostatic interactions between positively 
charged of NaAZ and anionic groups in the Gly molecule are the major 
mechanism responsible for the maximum Gly adsorption at acidic pH 
levels. However, it is noteworthy that the pHpzc for SMZ20 [Fig. 1S (B)] 
was boosted to 6.1, implying that its equilibrium adsorption capacity 
was improved. The SMZ20 provided a positive net charge in the pH 
above 3.3 when HDTMAC was attached to the surface of the zeolite. The 
maximum adoption capacity was found to be 73 mg/g at pH 6, which 
was achieved by the chemisorption process, which included electrostatic 
interaction between the positive charge of the amino group in the head 
of the surfactant and the negative charge of the zeolite’s surface. At high 
pH > 6.1 (pHpzc), the density of positive charge sites on the SMZ20 
surface decreased, and Gly increased to three negative charges, thereby 
causing a strong electrostatic repulsion between the negatively charged 

Gly and SMZ20, resulting in a noticeable decrease in the adsorption. 
Comparative research was recently published on the adsorption of Gly 
onto 4A-modified commercial zeolite showed that the highest adsorp
tion capacity was almost 35 mg/g for 100 mg/L Gly at pH 6, which is 
twice as low as our work (Zavareh et al., 2018). Mayaka and Kumara 
(Mayakaduwa et al., 2016) demonstrated that woody biochar has ~20 
mg/g adsorption capacity for 20 mg/L Gly at pH 6. In another research, 
the removal efficiency of Gly onto steam-activated woody biochar 
derived from rice husk was determined to be around 80% at pH 4 
(Herath et al., 2016b). Lianna Samuel (Samuel et al., 2017) also showed 
that when pH increased from 4.2 to 7.7, the removal efficiency increased 
from 63% to 93%; however, in our project, in the pH 6 the removal 
efficiency was 95%. Therefore, pH 6 is selected as a neutral or slightly 
acidic condition to provide favorable conditions for Gly adsorption onto 
the zeolite surface. The significance of choosing pH 6 for 100 mg/L lies 
in its relevance to real-world scenarios. pH 6 represents a common range 
found in various water sources, such as groundwater or industrial ef
fluents. By investigating the adsorption behavior of Gly at pH 6 and a 
concentration of 100 mg/L, the study aims to simulate and understand 
the performance of the adsorbent under conditions that closely resemble 
practical applications. This allows for meaningful comparisons, reliable 
data interpretation, and potential insights for implementing the 
adsorption process on a larger scale. 

3.2.2. HDTMAC concentrations effect 
The application of cationic surfactants in zeolite modification en

hances the removal rate of anions by significantly modifying the surface 
chemistry of minerals (Andrunik et al., 2023). This alteration leads to an 
increased efficiency in anion removal. The extent of coverage achieved 
during modification can vary depending on the quantity of surfactant 
employed. A monolayer of surfactant cations was generated through 
electrostatic force and cation exchange mechanisms when the concen
tration of surfactant was equal to or smaller than the CMC (Nezamza
deh-Ejhieh and Raja, 2013). Moreover, the hydrophobic interaction 
facilitated the attraction of the alkyl chain of the surfactant, promoting 
bilayer formation when the concentration of the surfactant exceeded the 
CMC and ECEC. This observation emphasizes the significance of sur
factant concentration in enhancing processes such as Gly removal and 
underscores the relevance of bilayer formation in these mechanisms 
(Chowdhury et al., 2011). The measurement of the amount of HDTMAC 
adsorbed onto the NaAZ surface was conducted using the CHN analysis 
technique. The determination of adsorbed HDTMAC was achieved by 
comparing the carbon content in the samples before and after modifi
cation. The results of this analysis are presented in Table 4S, showing the 
quantities of loaded and adsorbed HDTMAC, as well as the adsorption 
efficiency percentage. The examination of these three modified adsor
bents was carried out using a Gly solution. As demonstrated in Fig. 2S, 
there exists a straight association between the surfactant concentration 
and a noticeable rise in active sites responsible for Gly removal on the 
zeolite’s surface. However, even though a surfactant concentration of 
50 mmol/L achieved an efficiency of 97.89% adsorbed HDTMAC, it led 
to a reduction in the adsorption capacity for Gly removal. This decline 
indicates an increase in zeolite surface density, potentially resulting in a 
significant decrease in specific surface area (SSA). This occurrence might 
be ascribed to micelle formation, causing a decrease in available active 
sites, as noted by Abbas et al. (2017). Consequently, at a concentration 
of 20 mmol/L HDTMAC (92.6% adsorption efficiency), SMZ20 emerges 
as a capable adsorbent with a notably heightened equilibrium adsorp
tion capacity for Gly removal. As a result, SMZ20 has been singled out as 
an effective adsorbent for subsequent experimental endeavors. 

3.3. Optimization of parameters using the Taguchi model 

3.3.1. Examining main effect plots 
The optimal operating parameters for removing Gly from aqueous 

solutions using SMZ20 were obtained using a Taguchi L16 orthogonal 
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array experimental design. After 16 trials (triplicate), the results of the 
mean removal efficiency and S/N ratio variable for each factor at a 
particular level are shown in Table 5S. In addition, mean effect plots are 
employed to depict the correlation between factors and output values. 
The removal efficiency and S/N ratio were boosted when the initial Gly 
concentration increased from 5 mg/L to 150 mg/L (Fig. 3A), as there 
were more active sites and more successful Gly molecule collisions in the 
solution. To surmount the mass transfer resistances of Gly between the 
aqueous and solid phases, more Gly must be present in the solution. 
When the concentration was raised over 150 mg/L, there was no 
discernible enhancement in removal efficiency. It can be concluded that 
Gly molecules had almost saturated the adsorbent’s surface. Comparable 
effects were seen when Gly was absorbed by different adsorbents, as 
reported in the literature (Sen et al., 2017, 2019; Sen and Mondal, 
2021). Fig. 3B demonstrates the linear correlation between adsorbent 
dosage (0.1–2 g/L) and Gly removal percentage. High removal efficiency 
observed with the low adsorbent dosage can be attributed to the com
bination of a high surface area, surfactant modification, and dosage 
optimization. These factors synergistically enhance the adsorption ca
pacity and selectivity of the adsorbent, making it a promising and 
effective solution for Gly removal at a low dosage (Bhaumik and Mon
dal, 2015). As a result, a smaller quantity of adsorbent is required to 
achieve the desired Gly removal. This reduction in the required adsor
bent volume contributes to overall cost savings, such as lower material 
procurement and handling expenses. Contact time was the most critical 
factor in this study, where adsorption rate can interact with Gly mole
cules and SMZ20. The effect of contact time on Gly adsorption is pre
sented in Fig. 3C. The results reveal that 93% of maximum removal 
efficiency was recorded at 120 min. After 120 min, the adsorption rate 
did not change significantly (5%). Such behavior might happen when 
binding sites are not predominantly occupied, causing a higher collision 
rate between adsorbate and adsorbent in the presence of a high con
centration of Gly molecules with many accessibility sites (Chowdhury 
et al., 2011). 

3.3.2. Statistical analysis of variance (ANOVA) 
An ANOVA was performed to assess how much individual variables 

affected the process’s output (in this case, Gly removal efficiency). 

ANOVA was used to assess the percentage contribution of each opera
tional variable to the response (Googerdchian et al., 2018). The result of 
the ANOVA for the mean response of removal efficiency is shown in 
Table 6S. As evidenced by the contribution percentage (P%), contact 
time (85.82%) > initial concentration (11.87%) > adsorbent dose 
(1.1%) was shown to be the most influential factor on Gly removal 
[Fig. 3S (A)]. The P% of the errors was 1.2%, indicating that the tests 
were carried out under controlled circumstances. Regarding Gly 
removal efficiency, the coefficient of experimental prediction (R2-sq) 
and adjusted coefficient of determination (R2-adj) was found to be 
98.8% and 97.0%, respectively, indicating that the prediction of 
experimental results was remarkably accurate. The adsorbent dosage is 
insignificant to removal efficiency, and the time and initial concentra
tion variables are statistically significant (0.05 > P). 

3.3.3. Regression plot and confirmation experiment 
The linear regression model was employed to establish a connection 

between SMZ20 process variables and Gly removal efficiency. The val
idity of the regression model was determined by computing the value of 
the correlation coefficient. The value of R2 obtained in this study was 
0.9880, which demonstrated a significant agreement between the 
experimental and predicted dates [shown in Fig. 3S (B)]. The predicted 
data refers to the values estimated by Taguchi design. The predicted 
value is calculated based on input variables and the relationship estab
lished through data analysis. 

In Table 7S, the bolded mean S/N response suggested the optimal 
level of each component and was regarded as the optimized removal 
efficiency. The results contribute to the factor combinations of A4, B4, 
and C4 as the optimal points. In the Taguchi method, a confirmation test 
is necessary for the optimization study (Elizalde-González and García-
Díaz, 2010). Consequently, a triplicate confirmation test revealed that 
the factor/level combination A4B4C4 has a Gly removal efficiency of 
98.92% and a 98.75 mg/g equilibrium adsorption capacity despite not 
being examined in any of the 16 tests. 

3.4. Adsorption kinetic study 

The adsorption kinetics data has given crucial information on the 

Fig. 3. The mean effect plots for the mean of Gly removal efficiency and S/N ratio in contact time (A), adsorbent dosage (B) and initial concentration (C) using L16 
Taguchi model in the pH 6. 
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mechanism of Gly adsorption and the speed at which it occurs on ad
sorbents. In order to achieve a decent understanding of the mechanism 
of Gly sorption by the modified zeolite, the data were fitted using the 
pseudo-first order and pseudo-second order models, which are defined 
by equations (6) and (7) in Table 2 (Roushani et al., 2017). In the 
equations, qt indicates the amount of Gly adsorbed (mg/g) at time t 
(min), qe denotes the adsorption capacity of the adsorbent (at equilib
rium, mg/g), k1 implies the pseudo-first order adsorption rate (hr− 1), k2 
represents the pseudo-second order adsorption rate (mg/g) constants. As 
illustrated in Fig. 4A, the compelling achievement of a 93% Gly removal 
efficiency within a short 2 h contact time, accompanied by a subsequent 
5% incremental increase over 24 h, demonstrates the exceptional ki
netics of the adsorption process. These significant findings underscore 
the rapid and efficient nature of Gly removal and highlight the practical 
implications of our study for time-sensitive applications in water treat
ment. There is a report of biochar generated from rice husks with 
comparable equilibrium times (Herath et al., 2016a). In another inves
tigation, MWCNT/MPNs-Fe adsorbent was able to remove 86.23 percent 
of Gly within 120 min (Diel et al., 2021b). The kinetics result in our 
investigation validates the contact time results obtained from the 
Taguchi model. Even though Taguchi’s experiment achieved a 
maximum removal efficiency and adsorption capacity of 24 h, to save 
cost and energy the benchmark for all other experiments was 2 h. To 
better comprehend the adsorbent behavior, it should be emphasized that 
the solute ions rapidly adsorb onto the bulk of the adsorbent as the 
available active site on the modified zeolite becomes gradually saturated 
over time. A decrease in sorption was seen as a consequence of the 
decreasing availability of the positive active sites provided by SMZ20 
with increasing time. The pseudo-second order model is predicated on 
chemical sorption, including electron sharing between the adsorbent 
and adsorbate (Chowdhury et al., 2011; Ahmad et al., 2018). The 
calculated R2 value of 0.9998 (Table 2) indicates that the best match is 
achieved using a pseudo-second order model, implying a chemisorption 
mechanism. The pseudo-second order model predicted an adsorption 
capacity (qe) of 80 mg/g for Gly sorption onto SMZ20, which is quite 
close to the experimental result from our investigation. The comparable 
findings showed that the pseudo second-order model could describe Gly 
adsorption onto the alum sludge, biopolymer membrane resin D301, 
MnFe2O−

4 graphene hybrid composites (Carneiro et al., 2015; Chen et al., 
2016; Yamaguchi et al., 2016). To investigate the multiple steps in the 
adsorption including the diffusion of Gly from the solution phase into 
the surfaces and subsequently to the pores of SMZ20, the intra-particle 
diffusion model provided by Weber and Morris (Trinh and Schäfer, 
2023) was employed. Intra-particle diffusion could be expressed using 
equations (8) in Table 2, where qt is the amount of Gly adsorbed per 
mass of the SMZ20 (mg/g) at time t, C is related to the thickness of the 
boundary layer, and kd is the intra-particle diffusion rate constant (mg/g 
min0.5). Based on the data presented in Fig. 4B, it is evident that the plots 
of the intra-particle diffusion model exhibit two distinct linear segments, 
indicating the occurrence of different adsorption processes. In the first 
process, Gly molecules transfer from the solution and adsorb onto the 

surface of SMZ20. The second process corresponds to the intra-particle 
diffusion of Gly molecules from the surface of SMZ20 to the open cav
ities present within its structure. These findings indicate that the 
adsorptive removal of Gly is likely influenced by both boundary layer 
diffusion and intra-particle diffusion. A similar phenomenon was re
ported by Qingfeng Yang (Yang et al., 2018) in their study on the 
detection and removal of organophosphorus pesticides using a novel 
Zr-MOF based smart adsorbent, as well as by Xiangyang Zhu (Zhu et al., 
2015) in their research on the removal of organophosphorus pesticides 
from aqueous solution by Zr-based MOFs of UiO-67. Furthermore, the 
constant C derived from the intra-particle diffusion model serves as an 
indicator of whether intra-particle diffusion is the predominant con
trolling step. A non-zero value of C suggests a complex adsorption 
mechanism, where multiple factors come into play. On the other hand, if 
C equals zero, it signifies that the adsorption kinetics are solely governed 
by intra-particle diffusion. In our study, and in line with most other 
investigations, the non-zero value of C indicates that the adsorption 
process follows a complex pathway, influenced by factors beyond 
intra-particle diffusion alone (Yamaguchi et al., 2016). 

3.5. Adsorption isotherms 

Adsorption isotherms such as the Langmuir and Freundlich iso
therms are frequently applied to evaluate the Gly removal mechanism. 
In the Langmuir model Eq. (8) (Table 2) (Guo et al., 2021), qmax (mg/g) 
is the maximum capacity for Gly’s adsorption based on the adsorbent’s 
monolayer coverage, and KL is the Langmuir constant (L/g), which in
dicates the energy of adsorption in the adsorption process. In the 
Freundlich isotherm Eq. (9) (Graziano et al., 2023), the Freundlich 
constants KF (mg/g) and n are the relative adsorption capacity and in
tensity, respectively. For the description of the adsorption behavior of 
studied SMZ20, correlation coefficients show Fig. 4C that the Freundlich 
isotherm model is highly appropriate, which points to the presence of 
the heterogeneous surface. The ’n’ value from the Freundlich isotherm 
represents the degree of nonlinearity between solution concentration 
and adsorption, whereas a value less than one suggests a chemisorption 
mechanism and greater than one implies a physical mechanism (Foo and 
Hameed, 2010). Thus, n suggests that a physical adsorption process 
between Gly and SMZ20 with a high adsorption intensity occurred in the 
current investigation (Hameed et al., 2007), which is matched with 
pseudo-second order kinetics. The Langmuir separation factor, KL, de
termines whether a sorption system is irreversible (KL = 0), favorable (0 
< KL < 1), linear (KL = 1), or unfavorable (KL > 1). Our KL value is 
0.0106, validating Langmuir model assumptions of favorable sorption. 
In this study, the Langmuir model simulated a maximum adsorption 
capacity of 769.23 mg/g. To highlight the performance of the adsorbent 
employed in the present work in removing the Gly, Table 3 provides a 
short comparison in terms of maximum adsorption capacity, pH, and 
removal efficiency with other adsorbents described in the literature. 
Despite the fact that the findings were obtained under various experi
mental conditions, there is a significant variance in the maximum 
adsorption capabilities of several materials, ranging from 3.04 to 
769.23 mg/g. Hence, the results of qmax and removal efficiency confirm 
that the developed adsorbent is a feasible, low cost and promising 
candidate for removing Gly from a water solution. It is noteworthy that 
by employing a pH closer to its real environment, this novel adsorbent 
becomes more accurate. 

3.6. Adsorption mechanism study 

The comprehensive investigation of the adsorption process demon
strated that the adsorption of Gly onto SMZ20 involved a combination of 
physisorption and chemisorption mechanisms, as supported by the 
isotherm and kinetics modelling results. The intensity of the adsorbate- 
adsorbent interaction determined whether the adsorption was charac
terized by weak physical adsorption or strong chemisorption (Khoury 

Table 2 
Isotherm and Kinetic parameters for Gly adsorption onto SMZ20.  

Name of model Equations Parameter Value R2 

Pseudo first 
order 

(6) qt = qe [1-exp 
(-K1t)] 

k1 (mn− 1) 
qe (mg/g) (model) 

0.0207 
71.88 

0.9733 

Pseudo second 
order 

(7) qt = (qe
2K2t)/ 

1+qeK2t 
K2 (g. mg− 1mn− 1) 
103 qe model 
qe (Exp) 

0.00055 
80 
78.40 

0.9998 

Intra-particle 
diffusion 

(8) qt = kdt0.5+C kd (mg/g.h0.5) 6.723 0.9952 

Langmuir (9) qe = qmax 

(KlCe)/(1+KlCe) 
qmax 

Kl (L/g) 
769.23 
0.01067 

0.9563 

Freundlich (10) qe = Kf Ce
1/n Kf (mg/g) n 9.1834 

1.160 
0.9942  
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et al., 2010). H-bonding was observed during physisorption, while 
chemisorption was associated with electrophilic interactions (Herath 
et al., 2016a). To illustrate the possible mechanisms of Gly adsorption 
onto SMZ20 at pH 6.0, a graphical representation was provided in Fig. 5. 
Several potential mechanisms were postulated. Firstly, at pH values 
below the point of zero charge (pHpzc), the protonation of Gly residues, 
particularly the phosphate and carbocyclic groups, resulted in the 

formation of a strong electrophile. This allowed for the interaction with 
the positively charged “head” of HDTMAC on both the inner and outer 
layers and the micelles, leading to chemisorption. Secondly, the findings 
from the FTIR-ATR analysis supported our observations. The reduced 
peak intensities in the modified zeolite after Gly adsorption, as shown in 
Fig. 2 (I, c), indicated the interaction between the modified zeolite and 
Gly. The shifting of the OH peaks from 3450 to 3500 and 1670 to 1700 
suggested the formation of H-bonding between Gly and the modified 
zeolite. Additionally, the peaks observed at 1385 cm− 1 could be attrib
uted to the vibration of carboxyl functional groups of Gly (Liu et al., 
2022). Furthermore, pore diffusion was identified as a potential 
adsorption mechanism in the porous material. The pore diameter of the 
adsorbent, which measured approximately twice the size of the Gly 
molecule [7.14 Å × 2.68 Å × 3.02 Å (Rojas and Horcajada, 2020)], 
suggests the possibility of pore diffusion in this study. This hypothesis 

Fig. 4. Experimental kinetics (A), intra-particles diffusion (B) and isotherms (C) data and fitted rate models for adsorption of Gly onto SMZ20.  

Table 3 
Comparison between SMZ20 and other adsorbents employed in Gly adsorption.  

Adsorbents Removal 
efficiency (%) 

qmax 

(mg/g) 
pH Ref. 

MWCNT/MPNs-Fe 86.23 43.66 4 Diel et al. 
(2021) 

Thiol modified magMCM- 
41 nanoparticles 

79.38 106.38 5 Zadeh et al. 
(2021) 

(TMC)-silica hybrid shells- 
Fe3O4 

97 3.04 5 Soares et al. 
(2021) 

D301 resin – 392.2 <7 Wang et al. 
(2021) 

Cu-zeolite 4A 80 112.7 6 Zavareh et al. 
(2018) 

Hierarchical porous UiO-67 – 322.58 7 Fang et al. 
(2022) 

Rice husk derived 
engineered biochar 

82.0 123.03 4 Herath et al. 
(2016) 

Dendrimer functionalized 95 14.04 5 Guo et al. 
(2019) 

Lignin/Fe3O4/La (OH)3 97 83.87 >5 Li et al. 
(2021) 

Fe3O4@SiO2@UiO-67 – 256.54 4 Yang et al. 
(2018) 

CS-CNC@UiO-66-NH2 – 133.7 4 Luo et al. 
(2021) 

chitosan/alginate 
combination 

– 8.70 6.5 Carneiro 
et al. (2015) 

HUiO-66s – 400 6 Tao et al. 
(2022) 

SMZ20 98.92 769.23 6 This work  

Fig. 5. Mechanisms of Gly removal using SMZ20 as an efficient adsorbent.  
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could be validated by the outcomes of the intra-particle pore diffusion 
mechanism. This implies that Gly molecules can diffuse into the adsor
bent’s pores, facilitating their adsorption. The detailed understanding of 
the adsorption mechanisms reveals that the modified adsorbent exhibits 
both physisorption and chemisorption, allowing for stronger and more 
effective interactions with Gly molecules. This translates into a higher 
adsorption capacity compared to conventional adsorbents, offering 
improved efficiency in removing Gly from water solutions. The presence 
of specific functional groups on the modified adsorbent’s surface enables 
selective adsorption of Gly. In conclusion, the significant application of 
the modified adsorbent lies in its enhanced adsorption capacity, selec
tive adsorption, pH-dependent behavior, and versatile application po
tential. The deep understanding of the underlying adsorption 
mechanisms sets the modified adsorbent apart, offering a novel and 
promising solution for the efficient removal of Gly and potentially other 
organic contaminants from water sources. 

4. Leaching determination 

4.1. Leaching of heavy metals 

The high concentration of heavy metals in waste CFA poses a po
tential threat to animal and human health as well as the environment. By 
effectively reducing the leaching of heavy metals, the NaAZ and SMZ20 
play a crucial role in protecting ecosystems and safeguarding water and 
soil quality (Bukhari et al., 2016). Se, Pb, and Mn concentrations in the 
leachate elements from AFA, NaAZ and SMZ20 into the solution through 
the DIN leaching test were determined to be under the reportable 
threshold, as shown in Table 8S. The NaAZ and SMZ20 exhibited a 
significant decrease in the concentrations of cationic metals such as B, 
Cr, Co, Cu, Mg, Ni, and V compared to AFA. This reduction indicates that 
the incorporation of these metals into the zeolites structure effectively 
immobilizes them, preventing their leaching into the environment and 
mitigating potential environmental risks. The leachate experiments 
revealed that anionic species, including arsenic anions, tend to leach out 
of the NaAZ. However, the modified zeolites exhibited a significant 
reduction in the concentration of these anions, indicating that the 
SMZ20, facilitates electrostatic interactions that help retain anionic 
species and prevent their leaching. Thus, the use of the SMZ20 dem
onstrates significant justifications in terms of environmental and health 
protection, reduction of cationic metal leaching and prevention of 
anionic species leaching. These reasons highlight the importance and 
effectiveness of the modified zeolite in preventing heavy metal leaching 
from waste AFA and its potential as a sustainable solution for managing 
and mitigating heavy metal contamination. 

4.2. Leaching of adsorbed Gly 

The leaching time significantly influences the mobility of adsorbed 
Gly from the adsorbents into the solution. The data in Table 4 demon
strate that NaAZ released nearly all of the adsorbed Gly within 60 days, 
while the modified zeolite only leached a minimal amount of 6 ppm of 
adsorbed Gly after the same period. The strong chemical and physical 
interactions between Gly and the modified zeolite can be attributed to 
the low leaching observed. The adsorbed HDTMAC molecules, located at 
cation-exchange sites, form strong bonds with the surface of the NaAZ, 
preventing easy displacement by water or leaching. These interactions 
contribute to the enhanced stability of the Gly adsorbed onto the SMZ20. 
These justifications highlight the practical significance of using the 
SMZ20 for adsorption applications, where the retention and stability of 
the adsorbed species are crucial factors to consider. 

5. Conclusions 

This study demonstrates the effective reuse of AFA for environmen
tally eco-friendly synthesis of NaAZ, with optimized conditions 

(NaAl2O3 0.5 M, AFA/NaOH ratio of 1:2, temperature 85 ◦C and dura
tion 6 h) yielding a high crystallinity of 93%. Crystallized NaAZ was then 
modified with HDTMAC surfactant and implemented as a novel appli
cation for Gly removal from water solution. Due to the varied pKa values 
of Gly, pH was a critical factor in Gly elimination. Enhancing the pHpzc 
from 3.3 in the NaAZ to 6.1 in the SMZ20 was a noteworthy achievement 
of this research to improve the equilibrium adsorption capacity. The 
Taguchi method was employed to optimize the batch adsorption test for 
Gly removal, resulting in impressive outcomes of 98.75 mg/g equilib
rium adsorption capacity and 98.92% removal efficiency. The optimal 
parameters, including 2 g/L adsorbent dosage, 200 mg/L Gly initial 
concentration, and 24 h contact time, contributed to these remarkable 
results. This study validated the proposed adsorption mechanisms of 
electrostatic interaction, pore diffusion, and H-bonding through 
comprehensive analysis of FTIR-ATR characterization, kinetics, and 
isotherm data. Based on the Langmuir isotherm model, the adsorption 
capacity of SMZ20 for Gly was determined to be 769.23 mg/g, indi
cating its exceptional performance and consistency with previous 
research findings. Remarkably, the leaching experiment demonstrated 
the effective retention of Gly by the SMZ20, with a low concentration of 
6 ppm observed after 60 days. This highlights the stability and durability 
of the adsorbent material, making it suitable for environmental appli
cations. Furthermore, NaAZ and SMZ20 effectively reduce the levels of 
hazardous heavy metals. The SMZ20 significantly minimizes As leaching 
into the solution compared to AFA and NaAZ supernatants, highlighting 
its environmental significance. Consequently, the findings demonstrated 
that the SMZ20 is a practical, inexpensive, and innovative adsorbent for 
removing Gly that might be considered a promising candidate for 
environmental remediation in the future. 
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