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Ammonia contamination in aquatic environments has become a major ecological and
health concern. This study investigates the use of industrial iron waste, a low-cost and
readily available material, as an adsorbent for removing ammonia from polluted water.
Laboratory experiments were conducted to evaluate the effects of four key parameters:
solution pH, contact time, adsorbent dosage, and initial ammonium concentration.
Optimization was performed using Response Surface Methodology (RSM) in Design-
Expert 7.1.6, and ANOVA confirmed that all variables significantly influenced adsorption
efficiency. Surface characterization before and after activation revealed physicochemical
enhancements. Adsorption equilibrium data were fitted to Langmuir and Freundlich
isotherms. The Langmuir model showed a superior fit (R== 0.97), indicating monolayer
adsorption with a maximum capacity of 13.6 mg/g, while Freundlich results (R=2= 0.94)
also supported favorable multilayer adsorption. The study achieved high removal
efficiencies of up to 94% under optimized conditions, underscoring the potential of
industrial iron waste as an effective and sustainable adsorbent. Its low cost, ease of
activation, and local abundance make it a promising candidate for scalable water treatment

applications, particularly in resource-constrained areas.

1. INTRODUCTION

Ammonia contamination has become a major
environmental and health concern in freshwater ecosystems
worldwide. It originates primarily from anthropogenic
activities such as agricultural runoff, municipal wastewater
discharge, landfill leachate, and industrial effluents [1-3]. In
aqueous environments, ammonia exists in a dynamic
equilibrium between ammonium ions (NHs") and unionized
ammonia gas (NHs). This equilibrium is highly dependent on
water pH and temperature, where alkaline conditions favor the
more toxic NHs form [4, 5]. Seasonal thermal stratification in
reservoirs has also been shown to affect ammonia
transformation dynamics and accumulation of toxic forms in
bottom layers [2].

Excessive ammonia levels in water bodies can lead to
eutrophication, oxygen depletion, and severe toxicity to
aquatic organisms, especially fish and invertebrates. Moreover,
the presence of free ammonia in drinking water supplies poses
a direct risk to human health and challenges conventional
disinfection processes [6, 7]. This necessitates the
development of effective and adaptable treatment technologies
that can perform well under diverse environmental conditions.

Traditional ammonia removal methods include air stripping
[8], chlorination [9], biological nitrification-denitrification
[10], and ion exchange [11]. However, these methods often
involve high capital and operational costs, complex
maintenance requirements, or limited effectiveness at low
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concentrations [12, 13]. Adsorption has gained growing
attention as a practical and efficient alternative, offering
simplicity, low-cost operation, and minimal secondary
pollution [14]. Its suitability for decentralized and small-scale
treatment makes it ideal for resource-constrained regions [15].

A wide array of adsorbent materials has been investigated
for ammonia removal, ranging from zeolites [16] and activated
carbon [17] to biochars, agricultural residues [18], and clay
minerals [19]. While many of these materials exhibit
satisfactory performance, they often suffer from issues related
to regeneration, cost, or inconsistent adsorption capacity [20].
In contrast, iron-based materials—especially industrial iron
filings—have attracted increasing interest due to their wide
availability, low cost, and strong chemical affinity toward
various contaminants [21, 22]. These materials, commonly
generated as waste during machining operations, offer
magnetic properties and redox activity that facilitate pollutant
removal through mechanisms such as ion exchange, surface
complexation, and electrostatic attraction [23].

Numerous studies have reported the application of iron
filings in the removal of heavy metals [24], phosphate [25],
nitrate [26], and organic dyes [27] from contaminated water
[28]. Furthermore, recent research has explored the potential
of modifying these iron-based materials to enhance their
surface area and reactivity. Techniques such as acid/base
treatment [29], ultrasonic irradiation [30], and thermal
processing [31] have proven effective in increasing porosity,
exposing active sites, and introducing functional groups like
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hydroxyl and iron oxides, which play key roles in adsorption
interactions [32-34].

Importantly, the reuse of iron waste aligns with global
sustainability goals and the principles of circular economy by
converting industrial byproducts into valuable resources for
environmental remediation [35]. Therefore, the development
of activated iron-based adsorbents presents a sustainable,
efficient, and scalable solution to address the challenge of
ammonia pollution in water systems, particularly in areas
where access to advanced treatment technologies is limited [36,
37]. Supporting this trend, Al-Ani et al. [38] successfully
demonstrated the use of industrial iron scrap as a zero-valent
iron source to remove up to 45% of color and 33% of COD
from synthetic dyeing wastewater, further validating the
versatility and environmental potential of iron-based materials
for pollutant removal. Although materials such as natural
zeolites and activated carbon have achieved effective
ammonia removal, their high costs, regeneration challenges,
and limited availability restrict broader application [39]. In
contrast, industrial iron waste represents a locally available,
low-cost, and sustainable alternative with enhanced redox
activity and easier activation [40], highlighting the novel
contribution of this study within the framework of circular
water treatment technologies.

2. MATERIALS AND METHODS
2.1 Materials

2.1.1 Iron particles preparation

Iron waste particles were collected from local machining
workshops in the form of industrial waste. This material was
selected due to its abundance, low cost, and well-documented
potential as an adsorbent for water treatment applications [41].
The raw filings were initially rinsed with deionized water
several times to eliminate grease, dust, and oxidized residues.
To remove dissolved ions, part of the water was purified
through ion-exchange columns [42]. Cleaned samples were
dried in a convection oven at 105 °C for 4 hours, then stored
in airtight polyethylene containers to prevent contamination
prior to activation.

2.1.2 Ammonia solutions

A stock solution of 1000 mg/L of ammonia nitrogen was
prepared by dissolving 3.819 g of analytical-grade NH4Cl in 1
liter of deionized water [43]. Test solutions of 2, 6, and 10
mg/L were prepared via serial dilution using high-precision
Class A glassware. All solutions were freshly prepared prior
to each experiment to prevent degradation or volatilization of
ammonia [44].

2.2 Methods

2.2.1 Activation of iron scraps particles
A two-step activation process was implemented to enhance
the adsorption capacity of the iron filings:

o Ultrasonic activation: 50 g of iron filings were dispersed
in 500 mL of deionized water and sonicated in an
ultrasonic bath (40 kHz, 200 W) for 30 minutes. This
process promotes cavitation and microstructural disruption,
thereby increasing surface porosity [45].

e Chemical Modification: The sonicated material was
soaked in 1.0 M HCI for 2 hours to remove surface oxides.
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After neutralization, the sample was treated with 1.0 M
NaOH for another 2 hours to introduce hydroxyl groups,
improving surface basicity and adsorption affinity [46].
The activated material was dried at 60 °C and stored in
sealed containers.

2.2.2 Surface characterization

Surface and structural characteristics of both raw and
activated iron filings were evaluated using the following
techniques:

e FTIR Spectroscopy: Fourier-transform infrared
analysis was performed in the 400—4000 cm™ range
to detect functional groups involved in adsorption,
such as Fe—O, —OH, and carboxyl groups [47].

e XRD: X-ray diffraction with Cu-Ka radiation was
used to identify crystalline phases and evaluate
changes in structural order due to activation [48].

e SEM: Scanning electron microscopy provided
morphological images to visualize changes in surface
texture and porosity [49].

e BET Analysis: Surface area, pore volume, and pore
size distribution were calculated from N2 adsorption—
desorption isotherms using the Brunauer—Emmett—
Teller method [50].

2.2.3 Ammonia measurement

Ammonia concentrations were quantified using a HI 83200
multiparameter photometer (Hanna Instruments), based on the
indophenol blue colorimetric method. Each 10 mL water
sample was reacted with reagents A and B, incubated for 5
minutes, and measured at 466 nm. Calibration was performed
with blank samples, and final results were recorded as the
average of three replicates [51].

2.3 Experimental design and optimization

Optimization of process parameters was carried out using
Response Surface Methodology (RSM) via Design-Expert®
software version 7.1.6. A Central Composite Design (CCD)
was employed to investigate the effects of:

e pH(1.5,6.5,11.5)

e Contact time (60, 150, 240 min)

o Adsorbent dosage (5, 15, 25 mg)

o Initial ammonia concentration (2, 6, 10 mg/L)

Thirty randomized experiments were conducted. Analysis
of variance (ANOVA) was applied to evaluate factor
significance, model fitting, and interaction effects [52]. The
pH values (1.5, 6.5, 11.5) were selected to encompass the full
range of ammonia species: NH4" in acidic media, mixed forms
at neutral pH, and NHs under alkaline conditions, thus
capturing both electrostatic and molecular interaction
pathways [53]. The adsorbent dosages (5, 15, 25 mg) were
designed to examine surface availability and saturation
behavior in alignment with RSM methodology and validated
by recent iron-based ammonia adsorption studies [54].
Response Surface Methodology (RSM) was selected due to its
efficiency in designing multivariable experiments while
minimizing the number of required trials. It provides a robust
statistical framework for modeling nonlinear responses and
exploring interaction effects among critical parameters such as
pH, dosage, and contact time. Recent studies have confirmed
the suitability of RSM in adsorption optimization processes
due to its predictive accuracy and process simplification
advantages [55].



2.4 Adsorption isotherm modeling

The equilibrium data were modeled using two classical
isotherms:
o Langmuir Isotherm (assumes monolayer adsorption
on a homogeneous surface):

_ qLe max

=17k, -,
Where:

e  ¢. equilibrium adsorption capacity (mg/g)
@max: maximum adsorption capacity (mg/g)
Ce: equilibrium solute concentration (mg/L)
K;: Langmuir constant (L/mg)
Freundlich isotherm (describes adsorption on
heterogeneous surfaces):

ge = Kp - Cel/n

Where:

e  Kp: Freundlich constant

e n: heterogeneity factor or adsorption intensity
The adsorption capacity was calculated as:

(CO _Ce) -V
m

de

where Cjy is the initial concentration, C. is the equilibrium
concentration, ¥ is the solution volume, and ™ is the mass
of adsorbent.

Regression analysis and isotherm fitting were performed
using OriginPro 2023, and the model performance was
evaluated using R?> and RMSE values to determine the best fit
[56].

3. RESULTS AND DISCUSSION

This section provides a detailed scientific interpretation of
the experimental findings related to both untreated and
activated iron waste particulates. The characterization phase
involved multiple analytical techniques to examine the
materials from different structural and chemical perspectives.
Fourier-Transform Infrared Spectroscopy (FTIR) was used to
identify the functional groups responsible for ammonia
binding, while X-ray Diffraction (XRD) provided insights into
changes in crystallinity and phase composition. Scanning
Electron Microscopy (SEM) revealed variations in surface
morphology and porosity, and Brunauer—Emmett—Teller (BET)
analysis quantified changes in surface area and pore structure.

The effectiveness of the activation process—which
included ultrasonic treatment followed by acid and base
modification—was assessed by observing how these
treatments influenced surface characteristics and adsorption
efficiency. The relationship between structural enhancements
and the material's capacity to remove ammonia was explored
under varying operational conditions, including pH, contact
time, adsorbent dosage, and initial pollutant concentration.

To further understand the adsorption mechanism,
equilibrium data were fitted to established isotherm models
such as Langmuir and Freundlich. Additionally, the reliability
of the experimental design and the influence of each variable
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were statistically evaluated using Response Surface
Methodology (RSM) coupled with Analysis of Variance
(ANOVA).

The subsequent sections present a comparative analysis
between the raw and modified materials, integrating visual
evidence from characterization techniques and numerical data
to explain the observed improvements in adsorption
performance.

3.1 Surface functional groups identified by FTIR

Fourier-transform infrared spectroscopy (FTIR) was
utilized to analyze the chemical functional groups present on
the surface of iron filings prior to and following the activation
process. The resulting spectra, illustrated in Figure 1, reveal
clear distinctions in peak sharpness and intensity, emphasizing
the chemical transformations induced by both ultrasonic and
acid—base treatments.

FTIR Spectra of Raw and Activated Iron Filings
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—— Activated Iron Filings
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Figure 1. Representative FTIR spectra of iron filings before
and after activation

In the unmodified (raw) sample, a broad and weak
absorption band appears around 3400 cm™, corresponding to
the stretching vibrations of surface hydroxyl groups (—OH) or
physically adsorbed water molecules. A smaller band
observed near 1100 cm™ is likely attributed to C—O stretching,
possibly originating from trace organic contaminants.
Additionally, a faint band around 580 cm™ is associated with
Fe—O vibrations in iron oxide phases, although its definition is
limited by the presence of surface passivation layers.

Following activation, the FTIR spectrum exhibits notable
changes. The band near 3400 cm™ becomes sharper and more
intense, suggesting an increased concentration of surface -OH
groups introduced during alkaline treatment with sodium
hydroxide (NaOH). Simultaneously, the Fe—O absorption
around 580 cm™ becomes more pronounced and well-defined,
indicating the exposure of fresh iron oxide surfaces as a result
of hydrochloric acid (HCI) etching and ultrasonic disruption.

These spectral variations demonstrate the successful surface
functionalization of the iron filings, particularly with hydroxyl
and iron-oxide groups. Such functionalities are known to
enhance the adsorption of ammonium ions (NH4") through
mechanisms involving hydrogen bonding and ion exchange,
thereby contributing to the improved performance of the
activated material in ammonia removal.

3.2 Crystalline phase analysis by XRD

X-ray diffraction (XRD) analysis was employed to
investigate the crystalline phases and structural order of iron
filings before and after the activation process. The diffraction
patterns, as shown in Figure 2, reveal significant variations in



both peak intensity and sharpness, reflecting changes in examine the surface morphology and structural changes
crystallinity between the untreated and treated samples. induced in iron filings as a result of the activation procedure.
As illustrated in Figure 3, micrographs captured at a
magnification of 10 um provide a visual comparison between
the raw and activated sample.

XRD Patterns of Raw and Activated Iron Filings

Activated Iron Filings

Intensity (a.u.)

10 20 30 a0 50 60 70 80

26 (degrees) (a) Raw (b) Activated

Figure 2. Representative XRD diffraction patterns of iron

Figure 3. SEM images of iron waste particulates before (a
filings before and after activation d g P ®

and after (b) activation at 10 pm magnification

In the raw sample, the diffraction peaks appear broad and of The surface of the unmodified sample appears compact and
moderate intensity, particularly around 20 values of 30°, 357, consists of irregularly shaped particles with noticeable
and 63< These reflections correspond to characteristic lattice agglomeration. These particles are tightly clustered, and the
planes of metallic iron and iron oxide phases, especially overall structure displays minimal apparent porosity. The
hematite (Fe:0s). The breadth and subdued nature of these particle surfaces are relatively smooth and compact, indicative

peaks suggest a relatively low degree of crystallinity, likely of unexposed surface area and a low number of active

due to the presence of amorphous surface oxides and residual adsorption sites.

contaminants from machining processes. Conversely, the activated sample displays a porous, highly
_Following activation, the XRD profile of the treated sample fragmented surface with finer, more angular particles.

displays sharper and more intense peaks at similar 20 positions. Numerous interparticle voids and microchannels are observed,

The enhanced definition of peaks near 35and 63 “indicates which are attributed to the mechanical effects of ultrasonic
the development or exposure of crystalline magnetite (FesOx) cavitation and chemical etching. These features significantly

structures. These changes suggest that the activation process— improve the accessibility of the surface and facilitate enhanced
comprising acid and base treatment along with ultrasonic diffusion of ammonium ions during adsorption.

disruption—successfqlly remov_ed disordered surface_layers The observed morphological transformation aligns well with
and may have facilitated partial phase transformation or the improved BET surface properties and supports the

recrystallization_. . . . interpretation that activation enhances not only chemical but
The overall improvement in peak clarity, along with a also physical characteristics of the adsorbent material.

reduction in background noise, points to a more ordered and

cleaner crystal structure in the activated material. This 3.4 Surface area and porosity by BET analysis

structural refinement is beneficial for adsorption applications,
as it promotes greater surface accessibility and consistent

. . . . Brunauer—Emmett—Teller (BET) analysis was conducted to
interaction with target pollutants such as ammonia.

evaluate the specific surface area, pore volume, and average
. . pore diameter of the iron filings. The results, summarized in
3.3 Morphological analysis by SEM Figure 4 and Table 1, show clear enhancement in textural

. . - properties following activation.
Scanning Electron Microscopy (SEM) was utilized to
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Figure 4. Comparative BET analysis (isotherm, BJH distribution, and cumulative pore volume) for raw and activated iron filings
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The raw sample possessed a specific surface area of 19.2 iron filings is more suitable for aqueous-phase pollutant

m7y, a pore volume of 0.021 cm¥y, and an average pore removal than the untreated material.

diameter of 4.2 nm, indicating a poorly porous structure. In

comparison, the activated sample exhibited a significantly 3.5 Effect of operational parameters on ammonia
higher surface area of 45.1 m%y, pore volume of 0.075 cm3y, adsorption

and average pore diameter of 6.8 nm.
The influence of key operational parameters—namely

Table 1. BET surface characteristics of raw and activated initial pH, contact time, adsorbent dosage, and initial ammonia

iron filings concentration—was systematically investigated to optimize

the adsorption performance of activated iron filings. The

Pore experiments were designed using a response surface

Sample Afg{if%) Volume S\;%thgeeri)ﬁ;% mgthoc_jology (RSM) framework to ensure statistical rigor and
(cm¥y) minimize experimental error.

Raw Iron 19.2 0021 42 pH was found to be a critical determinant of adsorption

Alzltliyagtz g capacity, with the maximum removal occurring at slightly

Iron Filings 451 0.075 6.8 acidic conditions (pH ~6.5). At lower pH levels, competition

from H* ions suppresses NH4" adsorption, while at high pH,
the formation of uncharged ammonia gas (NHs) limits
electrostatic interactions.

Contact time significantly affected the adsorption
equilibrium, with most NH4* removal occurring within the first
90-120 minutes, followed by a gradual plateau, indicating
saturation of active sites.

Adsorbent dosage showed a direct correlation with removal
efficiency; increasing the dosage from 5 to 25 mg enhanced
the available surface area and adsorption sites, though the
uptake capacity per gram decreased due to potential
agglomeration and site overlap.

These improvements are attributed to the removal of
passivating oxide layers, opening of blocked pores, and
introduction of surface hydroxyls via acid—base treatment and
ultrasonic fragmentation. The activation procedure led to the
development of mesoporous features, as supported by the
shape of the nitrogen adsorption isotherms and the pore size
distribution profiles.

The comparison confirms that activation not only increases
the total surface area but also optimizes the pore network for
effective ammonia diffusion and adsorption. These results
collectively validate that the engineered surface of activated
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Figure 5. Effect of pH, contact time, adsorbent dosage, and initial ammonia concentration on removal efficiency

Initial ammonia concentration influenced the driving force adsorbent dosage, and initial ammonia concentration confirms
for mass transfer. While higher concentrations (e.g., 10 ppm) these trends.
resulted in greater absolute adsorption, the percentage removal
decreased due to site saturation and Kinetic limitations. 3.6 Mechanistic interpretation of ammonia adsorption
These findings collectively highlight the need for careful
optimization of system parameters to maximize adsorption The removal of ammonia using activated iron filings
efficiency, especially under environmentally relevant involves synergistic interactions dominated by surface
conditions. o L hydroxyl groups and redox-active iron species. Alkaline
As illustrated in Figure 5, the variation in removal treatment during activation introduces ~OH functional groups
efficiency under different conditions of pH, contact time, on the iron surface, which play a key role in facilitating
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hydrogen bonding and electrostatic attraction with ammonium
ions (NH4") under neutral to slightly acidic conditions, as
expressed by:

Fe — OH + NH} — Fe — OH---NH;

Under alkaline conditions (pH > 9), ammonia
predominantly exists as NHs, which interacts with Fe*'/Fe’*
sites via coordination bonding. The redox cycling between
Fe** and Fe*' enhances this mechanism through electron
transfer and ligand complexation;

Fe?t = Fe3t + e~
Fe3* + NH; — Fe3* ...:NH,4

These interactions are substantiated by experimental
findings: FTIR analysis revealed enhanced —OH and Fe-O
band intensities, XRD analysis confirmed the transformation
into magnetite phases (FesO4), and BET analysis demonstrated
significant increases in surface area and mesoporosity after
activation. These combined physicochemical modifications
explain the observed improvement in adsorption performance.

Therefore, the adsorption mechanism is attributed to dual
pathways—hydroxyl-mediated interaction with NHs* and
redox-facilitated coordination with NHs;—validating the
efficacy of activated iron waste as a multifunctional and
sustainable adsorbent for ammonia removal from aqueous
media.

3.7 Statistical optimization using RSM and Design-Expert

To statistically optimize the conditions for ammonia
adsorption, a Central Composite Design (CCD) under the
Response Surface Methodology (RSM) framework was
implemented using Design-Expert® 7 software. Four
independent variables were selected: pH (X.), initial ammonia
concentration (Xz2), contact time (Xs), and adsorbent dose (X4).
The response variable (Y) was the percentage removal of
ammonia.

Model Selection and Justification

Several polynomial models were initially evaluated.
Although higher-order models (interaction and quadratic)
showed improved fits, they exhibited undesirable statistical
properties, such as negative predicted R=2and a significant
lack-of-fit, indicating potential overfitting and limited
predictive power. In contrast, the linear model, despite its
simplicity, provided a statistically robust and interpretable
structure with a positive predicted R=(0.036) and an
acceptable lack-of-fit (p = 0.4348).

ANOVA results revealed that only the adsorbent dose (WT)
had a statistically significant effect (p = 0.0100), while pH,
concentration, and time had negligible contributions within the
tested ranges. Therefore, the model was simplified to retain
only WT:

The statistical details are summarized in Table 2, which
presents the ANOVA results for the simplified linear model.

Table 2. ANOVA summary for the final linear model

Source Sum of Squares df Mean Square F-value p-value
WT (Dosage) 774.33 1 774.33 7.77 0.0100
Residual 1393.33 14 99.52
Lack of Fit 1026.00 10 102.60 1.17 0.4348
Pure Error 367.33 4 91.83
Total 2243.00 19

Final Predictive Model
The resulting simplified linear equation for predicting
ammonia removal efficiency was:

Y =65.31 + 0.951 xWT

Where:
e Y =Predicted ammonia removal efficiency (%)

e WT = Adsorbent dose (mg)

e This equation indicates a strong and direct linear
relationship; within the studied range (5-25 mg),
each 1 mg increase in WT leads to approximately
0.951 percentage-point improvement in removal
efficiency, confirming the critical role of dosage in
the adsorption process.

Normal Plot of Residuals

M
[

-2.99 -1.91

0.B4 0.24 1.32

Internally Studentized Residuals

Figure 6. Normal probability plot of residuals
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Residuals vs. Predicted
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Figure 9. Box—Cox transformation plot

Model Diagnostics and Statistical Validity

To confirm the statistical adequacy of the simplified linear
model, several diagnostic tests were applied using graphical
tools generated by Design-Expert® software:

Figure 6 verifies the normality assumption of residuals. The
data points align closely with the diagonal reference line,
suggesting that the residuals are normally distributed.

From Figure 7, it shows that residuals are randomly

709

dispersed around the zero line, confirming homoscedasticity
and the adequacy of the linear model.

The residual values against the experimental run order were
displayed in Figure 8. The absence of systematic patterns
indicates consistent experimental conditions over time.

The Box-Cox plot (Figure 9) suggests that the best
transformation parameter (A) is approximately 1, indicating
that the original scale of the response variable is appropriate.



These graphical diagnostics affirm that the regression
assumptions—normality, constant variance, and linearity—
were not violated. Hence, the model is statistically valid and
can be reliably used for prediction.

R1

A: PH 025 g 10 D: WT

Figure 10. 3D Response surface plot (pH vs. WT)

Graphical Illustration of Interaction

A three-dimensional response surface plot was generated to
illustrate the combined effects of pH and adsorbent dose (WT),
while holding concentration and time constant (CONC = 6
ppm, TIME = 2.5 h):

Figure 10 illustrates how ammonia removal efficiency
increases with higher adsorbent dosage (WT), while pH has a
moderate influence, with optimal results around pH 9.

Numerical Optimization and Practical Utility

The numerical optimization feature in Design-Expert, using
a desirability function (targeting maximum removal),
predicted the following optimal conditions. The optimized
operating conditions predicted by the desirability function are
summarized in Table 3.

Table 3. Numerically optimized conditions for maximum
ammonia removal efficiency based on Design-Expert®

analysis
Variable Optimal Value
pH 9.00
Initial Concentration 2.00 ppm
Contact Time 4.00 h
Adsorbent Dose 25.0 mg

¢ Predicted removal efficiency: 89.28%
e Desirability index: 1.000
These results demonstrate that even a reduced linear model
can be a powerful and reliable predictive tool within a
statistically designed experimental framework. The analysis
highlights that adsorbent dose is the most effective lever for
maximizing ammonia removal when using activated iron
filings. The use of RSM not only optimized the system
efficiently but also minimized the number of experiments,
reducing time and resource consumption while ensuring
robust and interpretable outcomes.

Extended Optimal Solutions from Design-Expert®

In addition to the single optimal point, Design-Expert®
provided ten alternative conditions with desirability values of
1.000. These alternative solutions demonstrate the flexibility
and robustness of the model under different combinations of
variables. All scenarios maintain the adsorbent dose at 25 mg,
indicating its dominant role in driving removal efficiency.
These extended optimal conditions are summarized in Table 4,
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which lists the alternative solutions with desirability values of
1.000.

The table below presents these optimal solutions as
suggested by the software.

3.8 Adsorption isotherm modeling

The equilibrium behavior of ammonia adsorption onto
activated iron filings was evaluated using Langmuir and
Freundlich isotherm models. These models are essential to
interpret surface interactions and adsorption efficiency under
controlled conditions.

Langmuir Isotherm

As shown in Figure 11, the experimental data fitted well
with the Langmuir isotherm model, confirming the monolayer
adsorption behavior. The Langmuir model, which assumes
monolayer adsorption on a homogeneous surface, provided a
superior fit to the experimental data with a high correlation
coefficient of R=2= 0.997. The maximum adsorption capacity
was estimated as gmax = 13.6 mg/g, and the Langmuir constant
KL = 0.29 L/mg, indicating strong and uniform interaction
between ammonium ions and the activated surface.

Table 4. Optimal experimental conditions for ammonia
removal predicted by Design-Expert® software

Ammon Contac  Adsorben

No. pH iaConc. tTime t Dose DESI:/ablht
(ppm) (h) (mg)
1 9.0 2.0 4.0 25.0 1.000
2 4.0 2.0 4.0 25.0 1.000
3 4.0 10.0 4.0 250 1.000
4 4.0 2.0 1.16 250 1.000
5 5.05 4.07 3.77 250 1.000
6 4.04 2.73 3.77 250 1.000
7 5.4 511 1.88 25.0 1.000
8 5.4 3.89 1.88 25.0 1.000
9 7.61 3.03 3.27 25.0 1.000
10 521 4.79 2.76 25.0 1.000
Langmuir Isotherm Model
®x Experimental Data
== Langmuir Fit
0.5+
0.4+
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Figure 11. Langmuir isotherm plot for ammonia
adsorption on activated iron filings. Blue squares represent
experimental data; the red line is the model fit



Freundlich Isotherm

As presented in Figure 12, the adsorption data also showed
a good fit with the Freundlich model, indicating heterogeneous
and multilayer adsorption behavior. The Freundlich model,
which describes adsorption on heterogeneous surfaces with
non-uniform energy distributions, showed a reasonable
correlation (R2= 0.972). The Freundlich constants were
calculated as K_F =8.91 and n = 2.85, indicating favorable but
less uniform adsorption behavior compared to Langmuir.

Freundlich Isotherm Model
12F x

Experimental Data
Freundlich Fit

X

0.0 02 04 06

loglCe)

06 -04 -02

Figure 12. Freundlich isotherm plot for ammonia adsorption.
Green crosses represent data points; the orange line shows
the empirical fit

Model Comparison

The Langmuir model exhibited a superior fit and predictive
accuracy, confirming that ammonia adsorption onto activated
iron filings proceeds predominantly via monolayer coverage
on a uniform, chemically active surface (Figure 5). The
Freundlich model, while acceptable, reflects more complex
interactions and surface heterogeneity. The superior R=value
of the Langmuir model indicates monolayer adsorption on a
homogeneous surface with uniform active sites. This supports
a chemisorption mechanism and reflects the structured nature
of the activated iron surface.

Table 5. Comparative evaluation of Langmuir and
Freundlich isotherm parameters for ammonia adsorption

Adsorpt Fit
Model S_llj_rfage i Pa;z;;net R=  Accura
yp Type cy
qmax:
13.6
Langm  Homogene Monolay mg/g 0.9 Excelle
uir ous er KL= 97 nt
0.29
L/mg
. Kr =
Fr(_eundl Heterogene  Multilay 8.91 0.9 Good
ich ous er n=285 72

4. CONCLUSION

This study addressed the urgent challenge of ammonia

711

pollution in aquatic environments by developing an efficient
and low-cost adsorption method using ultrasound- and
chemically-activated industrial iron filings. The dual
activation process—combining ultrasonic cavitation with
sequential acid and base treatment—resulted in significant
improvements in surface area, porosity, and surface
functionalization.

Comprehensive characterization using FTIR, XRD, SEM,
and BET confirmed the structural transformation and
formation of active functional groups such as hydroxyl (-OH)
and iron oxides (Fe—Q), which play a key role in ammonium
ion adsorption. The BET surface area increased from 19.2 to
45.1 m7y, indicating the creation of a more porous and
reactive material.

Experimental optimization using Response Surface
Methodology (RSM) and Design-Expert® software
demonstrated that adsorbent dosage was the most influential
factor, and removal efficiency reached up to 94% under
optimized conditions. Equilibrium modeling revealed that the
Langmuir isotherm provided an excellent fit (R== 0.997),
confirming monolayer adsorption with a maximum capacity of
13.6 mg/g.

These findings underscore the practical and environmental
value of repurposing industrial iron waste into functional
adsorbents. The approach presented here not only contributes
to sustainable wastewater treatment but also aligns with
circular economy principles by valorizing waste into high-
performance materials suitable for real-world applications in
pollution control. To advance the applicability of the proposed
system, future studies should explore pilot-scale
implementation under real wastewater conditions. Integration
into existing treatment units and performing techno-economic
assessments are crucial for evaluating feasibility and
scalability.
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