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SUMMARY
Freshwater pearl farming in China generates wastewater high in ammoniacal nitrogen (NH₃-N) posing envi-
ronmental threats. This study explores the use of coal fly ash (CFA), an industrial waste, to synthesize
A-type zeolite for effective NH₃-N removal from pearl farming wastewater. The zeolite was prepared via pick-
ling pretreatment and hydrothermal methods, resulting in a material with favorable adsorption properties,
including cubic and spherical microstructures, a specific surface area of 17.5 m2/g, an average pore size
of 10.7 nm, and a pore volume of 0.03 cm3/g. Adsorption experiments showed that NH₃-N removal followed
pseudo-first-order kinetics and fit the Dubinin-Radushkevich isotherm model. Applied to actual wastewater,
the zeolite achieved a 74% removal efficiency at a dosage of 70 g/L. This approach converts CFA into a valu-
able adsorbent, reducing its environmental impact, and enhances the sustainability of freshwater pearl
farming through effective wastewater treatment, and demonstrates the potential of transforming industrial
waste into functional materials for environmental remediation.
INTRODUCTION

Pearls, whether sourced from seawater or freshwater, have long

been esteemed as symbols of jewelry in China, a tradition that

spans thousands of years. Statistics indicate that China’s pearl

industry reached a valuation of $11.4 billion in 2023. As pearls

continue to gain favor among consumers, pearl farming has

emerged as a pillar industry for numerous local governments in

China. Compared to the 2.3 metric tons of seawater pearl pro-

duction, freshwater pearl farming significantly dominates, with

an output of 697 metric tons. However, to boost pearl produc-

tion, overfeeding pearl oysters is common, leading to waste-

water with high ammoniacal nitrogen (NH3-N) content, which

poses a serious threat to the local environment.1,2 Thus, finding

an efficient method for removing NH3-N from freshwater pearl

farming wastewater holds substantial economic value. Various

strategies for NH3-N removal, including membrane separation,

ion exchange, chemical precipitation, and microbiological

methods, have been explored.3,4 However, these methods often

encounter challenges such as high costs, complex operations,

limited applicability to high concentrations, or low microor-

ganism survival rates in practical applications.5 To address these

limitations, adsorption using adsorbents has gained traction

among researchers as a quick, simple, and effective method.6–15

In recent years, synthesized zeolite derived from coal fly ash

(CFA) has shown exceptional performance in the field of adsorp-

tion.16–22 As a primary by-product of coal combustion, CFA pre-
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dominantly contains silicon dioxide (SiO2) and aluminum oxide

(Al2O3) and possesses a porous structure like that of naturally

occurring zeolites.18,19 These compositions make CFA a prom-

ising and cost-effective material for zeolite synthesis. The poten-

tial of CFA-derived zeolite has been widely recognized across

various environmental applications, proving particularly effective

in atmospheric and soil remediation.16,23,24 In wastewater treat-

ment, CFA-derived zeolite has distinguished itself as an efficient

adsorbent, successfully separating oil from wastewater25 and

absorbing heavy metal ions, thereby significantly reducing the

concentrations of toxic metals and preventing their harmful ef-

fects on aquatic ecosystems and human health.26 Moreover, it

has demonstrated efficacy in decreasing levels of phosphorus,

chemical oxygen demand (COD), and NH3-N in industrial waste-

water-reductions that are vital for preventing eutrophication in

aquatic environments and for ensuring compliancewith stringent

environmental regulations.17,27–29 Given its high performance

and cost-effectiveness, CFA-derived zeolite continues to garner

attention as a versatile and valuable material for a wide range of

environmental remediation applications.

In this study, CFA-derived zeolite was evaluated as an efficient

adsorbent for removing NH3-N from freshwater pearl farming

wastewater (Figure 1). The zeolites were synthesized from

acid-treated fly ash, and the effects of preparation parameters

on ammonium adsorption were investigated. Several advanced

analytical techniques, including X-ray diffraction (XRD), Brunauer-

Emmett-Teller (BET) surface analysis, energy dispersive
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Schematics of CFA-derived

zeolite for removing NH3-N from freshwater

pearl farming wastewater
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spectroscopy (EDS), scanning electron microscopy (SEM), and

transmission electron microscopy (TEM), were employed to gain

valuable insights into the zeolite’s characteristics. By assessing

the physicochemical properties of the raw materials alongside

the pretreatment and synthesis methods, our research focused

on treating ammonium-rich wastewater using these synthetic

products. The adsorption behavior and mechanisms were exam-

ined under various conditions, including pH value, initial ammo-

nium concentration, temperature, adsorbent dosage, and the

presence of coexisting ions. Additionally, the application of the

synthesized zeolite for ammoniumadsorption from real freshwater

pearl farming wastewater was evaluated. In summary, this study

successfully demonstrates the immense efficacy of CFA-derived

zeolite for the removal of NH3-N from freshwater pearl farming

wastewater.

RESULTS AND DISCUSSIONS

Optimization for CFA-derived zeolite synthesis
Since the CFA was directly obtained from a local thermal power

plant, it required purification to increase the content of Si and Al.

According to the literature, the main metallic oxides that influ-

ence zeolite preparation are Fe2O3, CaO, and MgO, which can

be removed through pickling.30 Therefore, diluting hydrochloric

acid was applied, and various concentrations were investigated.

Results, shown in Figure 2A., indicated that as the concentration

of dilute hydrochloric acid increased, the mass loss percentage

changed significantly. At a concentration of 5%, the CFA lost

7.5% of its weight. Further increases in concentration from 5%

to 15% did not yield better results. Considering that excessive

hydrochloric acid can also cause the loss of SiO2 and Al2O3, a

5% concentration was selected for further optimization. After

determining the appropriate concentration of dilute hydrochloric

acid, the influence of factors such as temperature, the ratio of

CFA to HCl, reaction time, and screen numberwere investigated.

These results are presented in Figures 2B–2E. The optimal con-

ditions were determined to be a 200-mesh screen and a 15%

weight ratio of dilute hydrochloric acid, achieving the best results
2 iScience 28, 111645, January 17, 2025
with a 2-h pickling process at 85�C. XRF
testing indicated that the percentages of

SiO2 and Al2O3 increased from 48.2% to

33.2%–51.8% and 37.6%, respectively

(Figure 2F). Concurrently, the percent-

ages of Fe2O3 and CaO decreased to

3.2% and 5.7%. Additionally, the content

of TiO2 and MgO decreased significantly.

With the purified CFA obtained, hydro-

thermal synthesis was employed to pre-

pare CFA-derived zeolite. As shown in

Figure 3A, the dosage of NaOH plays

a crucial role in NH3-N adsorption effi-

ciency. Increasing the ratio of CFA/
NaOH (w/w) from 0.5 to 1.2 resulted in a significant improve-

ment in NH3-N removal efficiency, raising it from 32% to

68%. However, further increasing the NaOH dosage did not

yield better results; the NH3-N removal efficiency began to

decrease when the ratio reached 1.4. The highest NH3-N

removal efficiency of 81.6% was observed at a hydrothermal

synthesis temperature of 85�C (Figure 3B). Conversely, when

the synthesis temperature was increased to 95�C, the NH3-N

removal efficiency decreased to 71.6%. The influence of syn-

thesis time revealed a continuous decreasing trend (Figure 3C).

Initially, a 6-h hydrothermal synthesis achieved an NH3-N

removal efficiency of 81.6%. However, when the synthesis

time was extended to 24 h, the removal efficiency dropped to

61.1%. We believe that high temperatures and prolonged

synthesis times may cause the material to clump, thereby

decreasing the specific surface area of the zeolite.31 Conse-

quently, the removal efficiency changes significantly.

Characterization of CFA-derived zeolite
XRD was employed to analyze the crystalline phases of the

synthetic CFA-derived zeolite, with its diffraction patterns dis-

played in Figure 4. The results reveal notably strong diffraction

peaks characteristic of type A zeolite, prominently and sharply

observed at 7.2�, 10.1�, 12.4�, 16�, 21.6�, 23.9�, 27�, 29.8�,
32.5�, and 34.1�, which points to its high crystallinity.32–34 These

sharp peaks not only signify a well-defined crystalline structure

but also confirm that type A zeolite is the predominant product

formed during the synthesis process. The high intensity and

clarity of these peaks indicate that the synthesized zeolite pos-

sesses an ordered and homogeneous framework, essential for

its effectiveness in applications like adsorption and ion ex-

change. Among the predominant A-type zeolite synthesized,

the XRD patterns also revealed the presence of a small quantity

of X-type zeolite, as indicated by characteristic peaks at 20.3�,
23�, 30.7�, and 33.3�.35 The detection of these peaks suggests

that, although type A zeolite is the main product, the synthesis

conditions also favored the formation of X-type zeolite to a minor

extent. Overall, the XRD analysis underscores the successful



Figure 2. Optimization of pretreatment parameters
Optimization of pretreatment parameters, data are represented as mean ± SEM: (A) concentration of HCl; (B) pickling temperature; (C) ratio of CFA/5% HCl;

(D) pickling time; (E) screen number and (F) component comparison before and after pickling.
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synthesis of high-crystallinity type A zeolite with a small amount

of X-type zeolite.

Figure 5A presents the SEM image of the CFA-derived zeolite,

providing a detailed visualization of its microstructure. As de-

picted in the figure, two distinct types of crystals can be

observed: cubic crystals and spherical crystals with intersecting
Figure 3. Optimization of synthetic parameters for CFA-derived zeolite

Synthetic parameters of CFA-derived zeolite, data are represented as mean ± SE

100 mg/L; adsorbent dosage = 5 g/L; pH = 7.0; T = 25�C).
surfaces, both exhibiting regularly defined shapes. This observa-

tion is corroborated by TEM imaging shown in Figure 5B, further

confirming the presence of these crystal structures. The cubic

crystal structure can be further classified into two subtypes

based on their size. The first subtype consists of small cubic

crystals, with a particle size of approximately 0.6 mm. These
M: (A) CFA/NaOH (w/w); (B) hydrothermal temperature; (C) synthetic time (C0 =

iScience 28, 111645, January 17, 2025 3



Figure 4. XRD of synthetic CFA-derived zeolite: *-zeolite A,

and -zeolite X
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smaller cubic particles contribute to the overall texture and sur-

face area of the zeolite. The second subtype includes larger cu-

bic crystals, with a particle size of around 1.5 mm, which provide

additional structural stability and may affect the material’s me-

chanical properties. Meanwhile, the spherical crystal particles

have a uniform size of about 1.0 mm. These spherical particles

add diversity to crystal morphology and possibly influence the

porosity and adsorption characteristics of zeolite. Additionally,

it’s important to note that the surface of the CFA-derived zeolite

crystals is accompanied by amorphous impurities. These amor-

phous regions may result from incomplete crystallization or re-

sidual materials from the synthesis process. The presence of

these impurities can impact the purity and performance of

zeolite, affecting its potential applications in various fields. The

primary elemental composition of the CFA-derived zeolite was

determined using EDS analysis, as shown in Figure 5C. This

analysis revealed that the dominant elements in the zeolite are

O, Si, and Al, with weight percentages of 56.4%, 20.9%, and

20.4%, respectively. Notably, the weight percentages of Al and

Si in the zeolite molecular sieve are nearly identical, at 20.4%

and 20.9%, respectively. When compared to the XRF analysis

of pretreated fly ash, the contents of Al and Si did not show a sig-

nificant decrease through hydrothermal synthesis.

As illustrated in Figures 6A and 6B, the nitrogen adsorption-

desorption isotherms of CFA-derived zeolite exhibit a type IV

isothermwith anH3 hysteresis loop, in accordancewith the clas-

sification standards of the International Union of Pure and

Applied Chemistry (IUPAC). The larger hysteresis loops at higher

relative pressure (P/P0) suggests the presence of abundant

mesopores in the zeolite.36 Distribution of apertures calculated

by BJH revealed that the specific surface area of the synthetic

CFA-derived zeolite is 17.5 m2/g, with an average pore size of

approximately 10.7 nm and a pore volume of about 0.03 cm3/

g. Consequently, the synthetic zeolite is highly capable of ad-

sorbing NH3-N, allowing it to freely enter and exit the channels,

thereby facilitating efficient mass transfer diffusion. Thermogra-
4 iScience 28, 111645, January 17, 2025
vimetric analysis (TGA) was employed to evaluate the thermal

stability of the zeolite. As shown in Figure 6C, the weight loss

of the zeolite can be divided into two steps: before 250�C
and between 250�C and 400�C. In the first step, zeolite lost

17.08% of its weight, attributed to the evaporation of free water.

Rapid weight loss occurred between 96.6�C and 176.4�C, peak-
ing at 143.5�C. When the temperature rose to 250�C, the rate of

weight loss began to decrease, corresponding to the removal of

adsorbed and structurally coordinated water, which accounted

for an additional 3.2% weight loss. These data indicate that the

crystal water in the zeolite constitutes about 20% of its weight.

Since the operating temperature for using zeolite to remove

NH3-N from aquaculture wastewater is significantly lower than

400�C, the synthetic zeolite meets the requirements for fresh-

water pearl farming wastewater treatment.

Optimizing for adsorption parameters of CFA-derived
zeolite
Through a series of test, the synthetic zeolite can be confirmed

as an A-type zeolite with cubic and spherical crystals

microstructure, whose specific surface area of the synthetic

CFA-derived zeolite is 17.5 m2/g, with an average pore size of

approximately 10.7 nm and a pore volume of about 0.03 cm3/

g. Moreover, its decomposition temperature is higher than

400�C. Then, the influence of adsorption parameters was further

investigated including the adsorption pH, adsorption time,

adsorption temperature, initial NH3-N concentration, and coex-

isting ions. The removal capacity of NH3-N is most effective

when the pH value ranges from 6 to 8, as shown in Figure 7A.

Outside of this range, the removal efficiency declines. At lower

pH levels, a high concentration of free protons in the solution

causes NH3-N to primarily convert to NH4+. Because the ionic

radius of protons is significantly smaller than that of NH4+, pro-

tons more readily occupy the zeolite’s internal binding adsorp-

tion sites, reducing its ability to adsorb ammonia nitrogen. On

the other hand, at higher pH levels, an increased concentration

of free OH� causes ammonia nitrogen to mainly exist as

NH3$H2O. This decreases the ion exchange efficiency of the

zeolite for NH4+, as the adsorption sites become occupied by

NH3$H2O, leading to a less effective overall adsorption process.

The influence of adsorption time and temperature on removal ef-

ficiency shows a similar trend (Figures 7B and 7C). The highest

removal efficiency occurs at 90 min and 25�C, respectively. Ex-
tending the adsorption time or increasing the adsorption temper-

ature does not improve the results.

The adsorption of NH3-N by zeolite increases with the initial

concentration of the NH3-N solution, though the removal rate de-

clines as the concentration rises (Figure 7D). This is because

higher NH3-N concentrations offer more adsorbates for ion ex-

change and adsorption. Furthermore, the significant concentra-

tion gradient generates a stronger driving force, enabling adsor-

bates to penetrate deeper into the zeolite and access internal

adsorption sites that are less accessible, thus boosting the

adsorption capacity. However, when the amount of zeolite re-

mains constant, increasing the initial ammonia nitrogen concen-

tration causes the adsorption capacity of the zeolite to near

saturation. Freshwater pearl farming wastewater often contains

additional substances such as Na+ and Ca2+, which may



Figure 5. Morphology and component of CFA-derived zeolite

(A) SEM; (B) TEM; (C) EDS.
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decrease the ammonium uptake by zeolite.37 To examine this,

the impact of Na+, Ca2+, K+, and Mg2+ on ammonium adsorption

by zeolite was studied (Figure 7E). With an initial ammonium con-

centration of 100 mg/L, the removal efficiency was 82.3%

without any coexisting ions. In the presence of Mg2+, K+,

Ca2+, and Na+, the removal efficiencies were 74.9%, 60.5%,

61.7%, and 69.9%, respectively. These results indicate that
Figure 6. Surface and thermal properties of CFA-derived zeolite
(A) N2 adsorption and desorption curve; (B) distribution of apertures calculated b
the presence of cations reduces the ammonium adsorption ca-

pacity because they compete with ammonium for available ion

exchange sites. The removal efficiency of ammonium was

slightly affected by Mg2+ and Na+, but significantly reduced by

Ca2+ and K+, likely due to the adsorption affinities of the cations.

Mg2+ has a lower adsorption affinity, attributed to its smaller ion

radius, making it less likely to exchange onto the zeolite
y BJH; (C) TGA.

iScience 28, 111645, January 17, 2025 5



Figure 7. Adsorption parameters optimization of CFA-derived zeolite

Adsorption parameters optimization of CFA-derived zeolite, data are represented as mean ± SEM: (A) pH; (B) time; (C) temperature; (D) initial NH3-N concen-

tration; (E) coexisting ions.
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structure. Despite previous studies indicating the order of

ammonium adsorption as Ca2+ > K+ > Na+ > Mg2+,38 our inves-

tigation found that the selectivity order for ammonium over other

cations on the synthesized zeolite is K+ > Ca2+ > Na+ > Mg2+.

Adsorption kinetics and adsorption isotherm analyses were

conducted to clarify the adsorption characteristics of synthetic

CFA-derived zeolite. As shown in Figure 8A, the ammonium

adsorption by CFA-derived zeolite was very rapid between 10

and 40min, primarily dominated by surface adsorption (boundary

layer diffusion). From 40 to 90min, the adsorption rate was mainly

driven by intraparticle diffusion, during which NH4+ ions moved

from the exterior surface of the adsorbent to its pores. In

this phase, the mass transfer faced greater resistance, resulting

in a decreased adsorption rate. The rapid adsorption of ammo-

nium on CFA-derived zeolite is likely due to the abundance of

vacant adsorption sites, with equilibrium typically reached within

90 min.39 Figure 8A also demonstrates the application of

pseudo-first-order, pseudo-second-order, Bangham, and Elovich

models to explain the adsorption kinetics of the synthetic zeolite.

The fitting correlation coefficient (R2) for the Elovich model is 0.73,

in contrast, the quasi-first-order model has the highest fitting cor-

relation coefficient, with an R2 of 0.98. This suggests that the
6 iScience 28, 111645, January 17, 2025
quasi-first-order model more accurately represents the kinetics

and effect of CFA-derived zeolite in the ammonia nitrogen adsorp-

tion process compared to the Elovich model. The adsorption

isotherm analyses of CFA-derived zeolite are presented in Fig-

ure 8B. The correlation coefficients (R2) for the Langmuir, Freund-

lich, Temkin, and D-R models were 0.97, 0.91, 0.92, and 0.99,

respectively. The Dubinin-Radushkevich best represents the

adsorption behavior of fly ash zeolite molecular sieves on

ammonia nitrogen in simulated wastewater, indicating that the

adsorption primarily involves microporous ion adsorption. The

bT value in the Temkinmodel is higher than 1, suggesting the pres-

ence of some degree of chemisorption. Given that the R2 of the

D-R model is greater than that of the Temkin model, it can be in-

ferred that the adsorption process is mainly driven by ion ex-

change, with chemisorption playing a supporting role.

Dealing with actual freshwater pearl farming
wastewater
After a series of determinations, we have demonstrated that

CFA-derived zeolite possesses a high NH3-N removal capacity,

ultimately proving effective in practical applications. To the best

of our knowledge, the raw wastewater from freshwater pearl



Figure 8. Adsorption kinetics isotherm analyses of CFA-derived zeolite

(A) adsorption kinetics and (B) adsorption isotherm analyses.
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farming poses a significant threat to the local environment, yet

it has not received substantial attention from researchers. Very

few studies have focused on addressing the challenges associ-

ated with raw freshwater pearl farming wastewater. We hope

this study will provide a valuable starting point. This study spe-

cifically examined whether CFA-derived zeolite could signifi-

cantly remove NH3-N from raw freshwater pearl farming waste-

water, which was treated solely by solid/liquid separation. The

results of using synthetic CFA-derived zeolite to remove NH3-N

from raw freshwater pearl farming wastewater are listed in Ta-

ble 1. These results indicate that the synthetic zeolite is indeed

effective at removing NH3-N from raw freshwater pearl farming

wastewater. The highest removal efficiency reached 74% at a

zeolite dosage of 70 g/L. However, this efficiency is notably

lower than the 94% removal observed in optimized adsorption

conditions. This decrease in efficiency may be attributable to

the presence of P, K, and other particulates that could interfere

with NH3-N adsorption. Despite the inhibitory effects of some

coexisting cations in the raw wastewater, it is undeniable that

CFA-derived zeolite demonstrates good efficiency in the

removal of ammonium from raw freshwater pearl farming

wastewater.
Table 1. Results of synthetic CFA-derived zeolite removal NH3-N

from raw freshwater pearl farming wastewater

Entry Dosage of zeolite (g/L) Removal efficiency (%)a,b

1 10 21.5

2 20 47.7

3 30 53.2

4 40 60.4

5 50 68.9

6 60 72.3

7 70 74.2
aAdsorption conditions: pH = 7.5, 25.oC, 120 min.
bmeasured using Nessler’s reagent spectrophotometry, and three repli-

cates were performed in parallel for each set of experiments.
Conclusions
In summary, this study demonstrated a synthesis route for CFA-

derived zeolite, which exhibited good adsorption efficiency for

raw freshwater pearl farming wastewater. The CFA-derived

zeolite was prepared using both pickling pretreatment and hy-

drothermal synthesis methods. Through XRD, BET, SEM, TEM,

and TGA tests, the synthetic zeolite was confirmed to be an

A-type zeolite with cubic and spherical crystal microstructures.

The specific surface area of the synthetic CFA-derived zeolite

was found to be 17.5 m2/g, with an average pore size of approx-

imately 10.7 nm and a pore volume of about 0.03 cm3/g. Addi-

tionally, TG analysis results indicate that the synthetic zeolite

could be safe when the adsorption temperature is lower than

100�C. The adsorption process of NH3-N was also thoroughly

investigated. Adsorption kinetics and isotherm analyses indi-

cated that the pseudo-first-order and Dubinin-Radushkevich

models more accurately represent the kinetics and adsorption

behavior of CFA-derived zeolite in the NH3-N adsorption pro-

cess. When used to remove NH3-N from raw freshwater pearl

farming wastewater, the removal efficiency reached 74% at a

dosage of 70 g/L. Given the ease of acquiring CFA-derived

zeolite, this study provides a valuable starting point for address-

ing freshwater pearl farming wastewater treatment.
Limitations of the study
Despite demonstrating a viable synthesis route for CFA-derived

A-type zeolite with good adsorption efficiency for NH₃-N

removal, this study has several limitations.

First, achieving a removal efficiency of 74% requires a rela-

tively high zeolite dosage of 70 g/L, which may not be econom-

ically feasible for large-scale applications; optimization of

dosage and process conditions is necessary for practical

implementation.

Second, the study focused solely on NH₃-N removal without

considering other potential contaminants present in freshwater

pearl farming wastewater that could interfere with the adsorption

process.
iScience 28, 111645, January 17, 2025 7



Figure 9. Standard curve Nessler’s reagent spectrophotometry
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Third, the long-term stability and reusability of the CFA-

derived zeolite were not evaluated, leaving questions about the

sustainability and cost-effectiveness of the treatment over time.

Additionally, while adsorption kinetics and isotherm models

were analyzed, the mechanisms at a molecular level were not

explored, which could provide deeper insights into improving the

adsorption capacity. Future research should address these limita-

tions by optimizing operational parameters, evaluating the treat-

ment of mixed contaminants, assessing the reusability of zeolite,

and investigating the adsorption mechanisms in more detail.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Coal fly ash Local thermal power plant in Zhejiang -

Al(OH)3 Energy Chemical Ltd. Cat# 21645-51-2

NaOH Energy Chemical Ltd. Cat# 1310-73-2

hydrochloric acid Energy Chemical Ltd. Cat# 7647-01-0
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Preparation of CFA-derived zeolite
Pretreatment of CFA

After the CFA was passed through standard sample sieves of various mesh sizes, 1.0 g of CFA was placed into a 100 mL round-bot-

tom flask. A specific volume and concentration of hydrochloric acid were then added. A condensation return device was installed on

the flask, which was then placed in a constant temperature oil bath. Themixture was stirring at a set temperature for a predetermined

time. After cooling, the mixture was filtered, and the resulting cake was washed several times with deionized water until the pH value

was close to 7.0. The cake was then dried at 105�C for 24 h, ground, and screened using a 200-mesh standard sample sieve. X-ray

fluorescence (XRF) was used to measure the elemental content of the CFA post-pickling.

Hydrothermal zeolite synthesis

1.0 g of acid-leached CFA was transferred into a mortar. The required mass of Al(OH)3 was then calculated and weighed based on a

Si/Al mole ratio of 1. Subsequently, NaOH was added to adjust the alkali-to-ash mass ratio between 0.5 and 1.5. The mixture was

calcined at 750�C for 2 h and then ground after cooling. Next, this 1.0 g alkali-melted product was combinedwith a specific amount of

deionized water, and the mixture underwent a hydrothermal reaction at a specified temperature. After the reaction, the product was

cooled, centrifuged, and washed until the pH was between 9 and 10. Finally, the product was dried at 105�C for 12 h, and the CFA-

derived zeolite was obtained after grinding.

Adsorption experiments
The removal rate and adsorption capacity of NH3-N from simulated wastewater by CFA-derived zeolite were determined by Nesser’s

reagent spectrophotometry. The removal efficiency (R) and the adsorption capacities of adsorbents at time (qt, mg/g) and at equi-

librium (qe, mg/g) were calculated using the following equations:

R =
ðC0 � CtÞ

C0

3 100 %

qt =
ðC0 � CtÞV

m

qe =
ðC0 � CeÞV

C0

where qe (mg/g) is the equilibrium adsorption capacity of NH3-N; C0, Ct, and Ce (mg/mL) are the NH3-N concentrations at the start,

any time (t), and equilibrium, respectively; V is the total solution volume (L); and m is the mass of the adsorbents (g).

The standard curve was established using NH3-N standard solutions. Standard solutions containing 0.0 mg, 1.0 mg, 2.0 mg, 4.0 mg,

6.0 mg, 10.0 mg, 20.0 mg, 40.0 mg, and 60.0 mg of NH3-N were prepared in 25.0 mL volumes. To each solution, 1.0 mL of a 500 mg/L

potassium and sodium tartrate solution was added, followed by the addition of 1.0 mL of Nessler’s reagent, and the mixtures were

thoroughly mixed. After calibrating at zero point, the ultraviolet spectrophotometer was preheated for 30 min. The absorbance was

measured at a scanning wavelength of 450 nm, using water as the reference. The absorbance of the blank solution was subtracted

from each measurement to obtain the corrected absorbance values, which were averaged over three determinations. The standard

curve is illustrated in Figure 9, with the equation of the curve being y = 0.0048x+0.0017.

After establishing the standard curve, the adsorption capacity of the CFA-derived zeolite was investigated. Batch experiments

were conducted using 250 mL Erlenmeyer flasks, each containing 100 mL of a 100 mg/L NH3-N solution and 1.0 g of CFA-derived

zeolite. The flasks were sealed and shaken at 180 rpm for 2 h on a mechanical shaker at a specified temperature. The NH3-N content

of the final reaction mixtures was determined using the established standard curve procedures and calculated with the corrected
e1 iScience 28, 111645, January 17, 2025
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standard curve fitting equation. The removal rate of ammonia nitrogen and the adsorption capacity of NH3-N by the zeolite were then

calculated based on this equation. The influence factors on NH3-N adsorption were studied by varying pH (2–10), initial NH3-N con-

centration (20–200 mg/L), adsorption time (10–300 min), and adsorption temperature (15�C–45�C). Additionally, the effect of coex-

isting ions (Na+, Ca2+, K+, Mg2+) on ammonium adsorption was investigated at individual ion concentrations of 0.01 M.

X-Ray fluorescence (XRF) analysis
XRF was used for the multielement analysis of the CFA samples (Philips PW2404, Philips Co. Holland). The tests were performed in

triplicate, and their average data were reported.

X-Ray diffraction (XRD) analysis
The XRD used for detection was the Rigaku Ultima IV from Japan. The instrument employed a copper target tube with a K-a diffrac-

tion source, operating at a tube voltage of 40 kV and a tube current of 40 mA. The scanning rate was set to 8� per minute, covering an

angle range from 5� to 60�.

Transmission electron microscope (TEM) analysis
TEM images were tested using JEOL JEM 2100F operating at 200 kV. The samples for TEM characterization were prepared by

placing and evaporating a drop of the sample in ethanol on carbon-coated gold grid.

Brunauer-Emmett-Teller (BET) analysis
The specific surface area and pore size distribution of the catalyst were determined using the Brunauer-Emmett-Teller (BET) method,

employing the advanced ASAP 2460 Version 3.01 instrument fromMAC as the testing platform. Nitrogen was used as the adsorbent,

and the test was conducted at a temperature of 77.300K.

Scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS) analysis
Using the German ZEISS Sigma 300 scanning electron microscope, the probe area is 60 mm2, the thermal field emission electron

source, the acceleration voltage is 5.0 kV, themagnification is 20–100,000 times, the elemental analysis range of the X-ray spectrom-

eter is: Be4-Am95.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Microsoft Excel 365 function LINEST was used to perform the regression from the measured adsorption kinetics isotherm

(Figure 8) and standard curve Nesser’s reagent (Figure 9). The Microsoft Excel 365 functions STDEV, COUNT and SQRT were

used to perform the standard error of the mean (SEM) (Figures 2, 3, and 7).
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