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1. Introduction

Efficient removal of mercury() ions using glutamic
acid modified metal—organic frameworks:
adsorption models, thermodynamics, and
parameter optimization
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*xcd

Ahlem Guesmi,® Faisal K. Algethami,
Mohamed G. El-Desouky {2 ® and Ashraf A. El-Bindary

The targeted removal of mercury(i) ions from contaminated aqueous systems presents a significant
environmental issue, attributed to mercury's high toxicity, persistence in nature, and potential for
bioaccumulation. This research focuses on the synthesis and assessment of a glutamic acid-
functionalized silver metal—-organic framework (NH,-Ag-MOF) as an effective sorbent for the elimination
of Hg(n) ions from water. The modified framework demonstrated remarkable properties, including
a substantial surface area of 1750.49 m? g~!, a mesoporous structure with an average pore diameter of
3.84 nm, and a plethora of nitrogen-rich functional groups that markedly improved its affinity for
mercury. Characterization techniques such as XRD, FT-IR, SEM, EDX, BET analysis, and XPS verified the
successful functionalization of amine groups while preserving the structural integrity of the parent Ag-
MOF. Batch adsorption experiments revealed that the uptake of Hg(i) was significantly affected by
parameters including pH, dosage, temperature, and initial concentration, with a maximum adsorption
capacity of 638.2 mg g~ attained. The adsorption behavior was consistent with the Langmuir isotherm
model and followed pseudo-second-order kinetics, indicative of monolayer chemisorption, supported
by an adsorption energy value of 31.6 kJ mol™. Thermodynamic analysis showed a positive enthalpy
change (AH° = 84.9 kJ mol™) and negative changes in Gibbs free energy (AG®), confirming that the
adsorption process is endothermic and proceeds spontaneously. Furthermore, Density Functional Theory
(DFT) calculations indicated that the binding of Hg(i) is facilitated through C=O coordination and
electrostatic interactions with —COO™ groups present. The adsorbent exhibited efficiency across five
regeneration cycles.

problems. Unlike organic pollutants, which degrade naturally
over time, mercury remains a persistent threat to aquatic envi-
ronments. It disrupts microbial function and growth in aquatic

The removal of mercury from wastewater is necessary for envi-
ronmental protection and public health because of its high
toxicity, persistence, and bioaccumulation potential. Mercury,
when released into water bodies, can convert to methylmercury
- a more toxic form that readily enters the food chain - accu-
mulating in fish and eventually humans. Even trace amounts
can be extremely hazardous as they affect the central nervous
system, kidneys, and cardiovascular tissues with symptoms
including neurological damage, cognitive deficits in adults and
children, developmental issues in children, and reproductive
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plants while threatening fish and wildlife viability. Economi-
cally speaking as well; mercury pollution will raise the cost of
water treatment reduce fisheries productivity and impose
stringent regulations on industries. In this regard World Health
Organization (WHO) and Environmental Protection Agency
(EPA) have laid down discharge regulations that necessitate
industries to come up with effective treatment solutions.
Therefore making selective, efficient as well as reusable adsor-
bents for mercury removal very necessary in protecting human
health and ecosystem plus compliance with regulations.*

The removal of mercury from wastewater has been addressed
through a range of treatment technologies, each presenting
distinct levels of efficacy and inherent drawbacks.>* Conven-
tional methodologies, such as chemical precipitation, facilitate
the conversion of mercury ions into insoluble complexes of
sulfide or hydroxide, enabling their extraction from the liquid
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phase; however, this approach often generates substantial
quantities of toxic sludge necessitating expensive post-
treatment processes.’ Ion-exchange methods employ synthetic
resins that can replace mercury ions with more benign ions
such as hydrogen or sodium, yet their selectivity and opera-
tional efficiency are frequently undermined by the presence of
competing cations typically found in industrial wastewater.®
Membrane-based technologies, including reverse osmosis,
nanofiltration, and ultrafiltration, achieve substantial mercury
removal through the physical separation of ions by semi-
permeable membranes; however, these technologies suffer
from issues related to membrane fouling, stringent operational
pressure requirements, and elevated maintenance expenses.
Electrochemical methodologies, encompassing electro-
coagulation and electrodeposition, facilitate mercury removal
by destabilizing ionic species or depositing them on electrodes,
yet their complexity and high energy requirements constrain
their large-scale applicability.”®

Metal-Organic Frameworks (MOFs) are advanced adsorbent
materials recognized for removing heavy metals from waste-
water due to their outstanding physicochemical properties and
structural versatility. Unlike traditional sorbents such as acti-
vated carbon and zeolites, MOFs have extremely high surface
areas, often exceeding thousands of m> g ', providing
numerous active sites for binding metal ions and enhancing
adsorption capacity.”'® Their customizable porous structure
allows for precise control of pore sizes and functional traits,
enabling the selective capture of metals like Hg(u), Pb(u), Cd(1),
and Cr(vi) in complex aqueous environments. MOFs can be
functionalized with various donor groups, including -NH, and
-COOH, enhancing metal coordination through chelation and
electrostatic attraction." This results in improved selectivity
and stronger binding compared to conventional adsorbents.
Another advantage of MOFs is their strong chemical and
thermal stability, making them durable against harsh waste-
water conditions, including variable pH and high ionic
strength. Additionally, their three-dimensional channels facili-
tate rapid adsorption, promoting swift metal ion diffusion into
the framework.” Many MOFs can be regenerated multiple times
with little performance loss, reducing operational costs and
secondary waste. The ability to tailor their structure at the
molecular level enables researchers to create MOFs for specific
pollutants, promoting application-specific adsorption systems.
These features make MOFs optimal for effective and sustainable
wastewater treatment involving heavy metals.”

The introduction of glutamic acid into silver-based metal-
organic frameworks (Ag-MOFs) substantially enhances their
efficiency in extracting Hg(u) ions from wastewater, primarily
due to the introduction of multifunctional active sites and
optimized surface chemistry.** Glutamic acid has amino (-NH,)
and carboxyl (-COOH) groups that are strong electron-donating
ligands capable of forming stable chelates with mercury ions.
The grafting of these functional groups onto Ag-MOF increases
the binding site density, which increases affinity, selectivity,
and adsorption capacity for Hg(u) ions.” The amine group
assists coordination and interaction with positively charged
mercury while the carboxyl group provides an additional
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complexation pathway; this results in synergistic adsorption
mechanisms that are more effective than unmodified Ag-MOF.**
Furthermore, glutamic acid increases hydrophilicity and water
dispersion to enhance diffusion kinetics as well as interaction
strength between Hg(u) ions and the framework. It stabilizes the
Ag-MOF structure by hydrogen bonding and strengthening
metal-ligand interactions which increases resistance to struc-
tural degradation under varying pH and ionic conditions.” This
functionalization not only increases the overall adsorption
capacity but also increases selectivity such that the modified
NH,-Ag-MOF can preferentially capture Hg(u) ions in the pres-
ence of competing metal ions found in industrial waste-
water.'® Additionally, improved regeneration efficiency is
observed since strong but reversible bonds allow for effective
desorption and reuse over several cycles without performance
decline. All these advantages together emphasize how strategi-
cally important glutamic acid modification is to convert Ag-
MOF into a highly selective, stable, and recyclable adsorbent
that can efficiently remediate mercury from contaminated water
sources.>

The Box-Behnken Design (BBD) significantly enhances the
optimization of adsorption processes compared to the tradi-
tional one-factor-at-a-time approach due to its systematic inte-
gration of multiple factors. As a key component of Response
Surface Methodology (RSM), BBD facilitates an efficient explo-
ration of various parameters such as pH, adsorbent dosage,
contact time, and initial metal concentration while minimizing
the number of required experiments.”* This not only alleviates
laboratory workload but also reduces costs, time, and reagent
consumption, resulting in statistically robust models for opti-
mization. Unlike conventional methods that assess factors
individually, BBD provides a platform to understand how these
variables interact collaboratively to maximize adsorption
performance and determine ideal conditions.”” By avoiding
extreme values in experimental design that may lead to unreli-
able outcomes, the approach further enhances safety and
consistency. Moreover, BBD yields predictive mathematical
models along with response surface plots that allow for pre-
dicting adsorption behavior across different scenarios without
additional experiments, an essential characteristic when
translating laboratory results into industrial applications.*
Combining statistical rigor with practical efficiency makes BBD
an integral part of improving accuracy in adsorption process
optimization and sustainability in practice ensuring modified
metal-organic frameworks (MOFs) function properly outside
controlled environments. Therefore, it proves to be a powerful
yet cost-effective solution grounded on scientific methodology
for optimizing adsorption processes toward higher contami-
nant removal efficiencies.

The novelty of this study was presented a significant
advancement through the creation of a distinctly engineered
glutamic acid-functionalized Ag-MOF adsorbent that effectively
integrates a high surface area, customized surface chemistry,
and a selective affinity for Hg(u) ions. In contrast to previously
documented adsorbents, this study incorporates glutamic acid
as a dual-functional ligand with both amino and carboxyl
groups, which considerably enhances coordination, chelation,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and electrostatic interactions with mercury ions, leading to
superior adsorption capacity and selectivity. The synthesized
NH,-Ag-MOF not only features an exceptionally high surface
area and a mesoporous pore structure but also showcases
remarkable chemisorption properties and thermodynamic
viability, as validated by both experimental and theoretical
investigations. Additionally, the manuscript offers an extensive
mechanistic analysis, underpinned by Density Functional
Theory (DFT), which provides atomistic perspectives on Hg(u)
ligand interactions an aspect that has not been previously
explored for this category of modified Ag-MOFs. The incorpo-
ration of BBD for process optimization further establishes
a statistically grounded approach that reduces the number of
experimental trials while enhancing adsorption efficiency, thus
representing a significant methodological improvement over
traditional optimization technique. The adsorbent also
demonstrates excellent regeneration capability and stability
throughout multiple cycles. Collectively, these attributes posi-
tion the proposed NH,-Ag-MOF as an innovative and trans-
formative material for the selective and sustainable
remediation of Hg(u).

2. Experimental

2.1. Materials and instruments

Information concerning the materials and equipments can be
found in the additional (Tables S1 and S2).>*¢

2.2. Creation of adsorbent

2.2.1. Creation of Ag-MOF. A total of 1.64 g of 2-amino-
terphtalic acid was dissolved in 25 mL of methanol, while 0.58 g
of AgNO; was dissolved in 5 mL of bi-distilled water, resulting in
the formation of silver metal-organic frameworks. Upon
complete desolvation of the solutions, the anticipated hydro-
thermal synthesis protocol was employed to mix the solutions.
The resultant mixture was subjected to heating in a Teflon
autoclave with a capacity of 150 mL at a temperature of 90 °C for
a duration of 20 hours, with a controlled heating rate of 5 °C per
minute. Following the cooling process, the product was sub-
jected to centrifugation and underwent four sequential washes

“« o

—amlnolerephlhallc

3 acia 8
i

Selvothermal

Hg@NH,-Ag-MOF

NH,
»HO; _~_o©O
3 L

Glutamic acid

Ag-MOF

View Article Online

RSC Advances

with bidistilled water. The final step involved drying the mate-
rial overnight at a temperature of 90 °C, as illustrated in Fig. 1.

2.2.2. Creation of NH,-Ag-MOF. In the preparation of NH,-
Ag-MOF, a 1:1 molar ratio of silver-based metal-organic
framework (Ag-MOF) to glutamic acid was incorporated into
a mixture of dimethylformamide and ethylene glycol, followed
by magnetic stirring for a duration of three hours at ambient
temperature. The mixture was further processed in a Teflon
autoclave, where it was heated for 20 hours at a gradual rate of
5 °C per min, reaching a temperature of 100 °C within a 150 mL
capacity. After the heating phase, the solid powder of NH,-Ag-
MOF was allowed to cool and underwent four wash cycles
with deionized water prior to centrifugation, followed by
another overnight drying period at 90 °C, as depicted in Fig. 1.

2.3. Elimination and batch analysis of Hg(u) ions

The efficacy of NH,-Ag-MOF as an adsorbent for the removal of
Hg(u) ions was assessed using 25 mL conical tubes containing
0.1 g of the synthesized material, along with varied initial
concentrations of Hg(u). The samples were subjected to agita-
tion for 100 min at a rotational speed of 180 rpm within
a shaking incubator. The pH levels were adjusted to a range
between 1 and 7 utilizing 0.1 M HCI and/or NaOH. This inves-
tigation was conducted in a thermostatic shaking incubator to
examine the adsorption isotherms, kinetics, and equilibrium
parameters. In Fig. 1, a diverse array of initial Hg(u) concen-
trations (104-806 mg L"), adsorbent dosages (0.8-20 g L™%),
contact durations (5-100 min), and temperature conditions (20-
45 °C) were employed in the experiments. Post-centrifugation at
9000 rpm, the analytical samples were evaluated using a Perki-
nElmer atomic absorption spectrometer. The sorption capacity
of each sample was determined by averaging the results from
three replicate experiments. The amount of Hg(u) adsorbed (g.)
and the removal percentage (% RE) were calculated according to
eqn (1) and (2), respectively.

(G -V
Ge= (1)
R = L= C) g )

0

AgNO3

NH,-Ag-MOF

Fig. 1 Schematic illustration depicting the synthesis of NH,-Ag-MOF and the subsequent removal of Hg(i) ions.
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2.4. Experimental design

In scenarios characterized by multiple possible solutions, the
Response Surface Methodology (RSM) technique is employed to
develop numerical models. The primary objective of RSM is to
establish the relationship between the response variable and
the experimental factors, as well as to enhance the overall
process. This methodology entails conducting a series of
systematically organized experiments based on the character-
istics of the process to determine the optimal solution. A
commonly utilized approach for the optimization of process
parameters is the central composite design (CCD). In this
investigation, three operational variables were identified:
“adsorbent weight”, “contact duration”, and “solution pH”, as
they were found to negatively impact adsorption efficiency (see
Table S3).27**

An exhaustive Table S3 was generated utilizing Design Expert
Software, which delineates both the maximum and minimum
values for each parameter under investigation. This table
illustrates the diverse combinations of parameters alongside
their respective results, encompassing “2 x m” axial schemes, P-
center schemes, and configurations involving “2™” factorial
experiments. The overall quantity of experimental trials,
contingent upon the number of input variables, can be calcu-
lated using eqn (3).*°

Np=R"+Q2xm+Pl=[2+2x3)+3]=17 (3)

In this study, “N” represents the number of process parameters
that influence the outcomes, while “p” refers to the number of
experimental trials conducted. The value of “m” for the present
investigation is noted to be 3. The central composite design
encompasses three primary phases: the calculation of the
model coefficients, the formulation of the experimental design,
and the prediction of the model's performance in relation to the
evaluation of results. Upon the completion of the process, an
empirical model is constructed based on the collected data,
allowing for an examination of how the objective functions with
various adjustable input combinations. Consequently, a regres-
sion model in quadratic form is derived, as indicated in eqn

(4).30
Y =B+ 38X+ 38X + SN B,XiX; (4)

To exemplify, let us denote “i” as the variable representing
“resistance” and “” as the variable representing “speed”. The
parameters (o, B; B4 and ; correspond to the individual
influences of resistance, communication, speed, and the
constant term, respectively. The efficacy of the proposed poly-
nomial model was evaluated utilizing the metrics R?, Raq;*, and
Rpred’- A higher R” value signifies a formula that offers a supe-
rior fit to the experimental data.*

3. Results and discussion
3.1. Description of NH,-Ag-MOF

3.1.1. X-ray diffraction patterns (XRD). The X-ray diffrac-
tion (XRD) patterns of NH,-Ag-MOF are presented in Fig. 2. Our
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Fig. 2 XRD pattern of NH,-Ag-MOF.

analysis, conducted using Foolproof and Check Cell equipment,
indicates that the adsorbent structure is categorized within the
P1 space group and exhibits a triclinic crystalline arrangement.
Furthermore, our evaluations of the crystal dimensions yielded
the following measurements: a = 12.66 A, b = 10.9 A, c = 7.76 A,
with angles « = 90°, 8 = 90°, and v = 90°. Detailed information
regarding the interplanar spacing (d;) and the Miller indices
(hkl) for NH,-Ag-MOF is available in Table S4. Moreover, the
nanospheres comprising NH,-Ag-MOF displayed significant
stability in their crystalline structure, as evidenced by the
persistence of their diffraction peak characteristics post-
adsorption, as illustrated in Fig. 2.%**

The X-ray diffraction (XRD) pattern of the synthesized
material was evaluated utilizing QUALX software, with
a comparison made to reference card no. 00-151-7611, which
pertains to the crystalline phase Cs;H,5Ag16N16035. The exper-
imental diffractogram derived from the modified Ag-MOF
demonstrates an exceptional alignment of peaks with the
reference pattern, thereby confirming the effective retention of
the parent Ag-MOF framework following its functionalization
with glutamic acid. The prominent reflections throughout the
20 range align precisely with the standard reference card, while
the absence of extraneous diffraction peaks suggests that no
secondary or impurity phases were formed during the modifi-
cation process. Slight alterations in peak intensities and minor
shifts in certain reflections are ascribed to the coordination of
glutamic acid molecules via their amino and carboxylate
moieties, which introduce electron-rich amine functionalities (-
NH,) and induce subtle structural modifications without
detracting from the overall crystallinity of the material
(Fig. S1(a)). These findings provide compelling evidence that the
incorporation of glutamic acid was achieved in a manner that
preserves the integrity of the Ag-MOF framework, while simul-
taneously enhancing the surface with amine groups, thereby
corroborating the formation of the NH,-Ag-MOF structure that
is conducive to improved adsorption applications.?***

The crystallographic parameters presented in Table 1 eluci-
date the relationship between the experimental X-ray diffraction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 Comparison of experimental X-ray diffraction peaks of NH>-
Ag-MOF with reference diffraction card 00-151-7611

Exp-20 (°) Exp-I (%) Ref-20 (°) Ref-I (%) d-Spacing (A) Match quality

8.43 1000.0 8.58 1011.6 10.48 Excellent
8.77 117.7 8.71 1.4 10.06 Good
9.45 248.4 9.63 3.9 9.35 Excellent
10.29 125.8 10.42 0.0 8.60 Very good
13.89 121.5 13.77 0.0 6.37 Very good
14.90 88.2 14.92 191.0 5.94 Excellent
15.78 271.3 15.76 0.8 5.61 Excellent
15.94 215.1 16.02 0.1 5.55 Excellent
16.31 433.5 16.44 0.3 5.43 Excellent
23.99 107.1 23.91 0.5 3.70 Excellent
24.23 242.4 24.21 0.4 3.67 Excellent
25.48 157.6 25.48 0.7 3.49 Perfect
26.50 160.5 26.51 0.0 3.36 Perfect
27.77 406.6 27.77 0.3 3.21 Perfect
28.76 187.0 28.75 1.0 3.10 Excellent
28.98 201.2 29.04 0.0 3.08 Very gOOd
29.25 159.4 29.27 2.2 3.05 Excellent
29.94 168.2 29.95 3.9 2.98 Excellent
30.95 131.8 30.95 2.1 2.89 Perfect
31.81 90.3 31.82 0.0 2.81 Perfect
32.38 278.4 32.27 2.8 2.77 Excellent
32.56 194.5 32.54 0.0 2.75 Excellent
33.61 99.0 33.61 6.3 2.66 Perfect

(XRD) profile of the synthesized NH,-Ag-MOF and the estab-
lished diffraction data for Ag-MOF, as denoted by PDF card no.
00-151-7611. The strong alignment of the prominent diffraction
peaks, particularly at 26 = 8.43°, 9.45°, 15.78°, 23.99°, 25.48°,
26.50°, and 27.77°, with their corresponding reference reflec-
tions corroborates that the fundamental structure of the Ag-
based metal-organic framework is largely conserved following
the modification with glutamic acid. The significant retention
of these peaks suggests that the introduction of -NH, func-
tional groups does not disrupt the crystallographic arrange-
ment of the original framework, thereby sustaining its inherent
coordination environment. The observed minor variations in
peak intensities and slight shifts within the angular range of
28°-33° further reinforce the successful integration of glutamic
acid, which leads to localized lattice distortions and the estab-
lishment of additional Ag-N and Ag-O coordination interac-
tions, all while maintaining the overall structural coherence.
The lack of extraneous reflections coupled with the presence of
only a limited number of unindexed peaks at elevated angles
confirms that no secondary crystalline phases or impurity
products were generated during the modification process.
Taken together, these observations affirm that the functionali-
zation approach effectively preserves the crystallinity of the Ag-
MOF framework while introducing amino-rich surface sites,
thus rendering the NH,-Ag-MOF a stable and structurally
coherent platform with an enhanced capacity for heavy-metal
adsorption.

The X-ray diffraction refinement profile generated through
the Profex software offers substantial evidence regarding both
the structural stability and the successful functionalization of
the synthesized NH,-Ag-MOF. The experimental diffraction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pattern obtained aligns exceptionally well with the calculated
diffraction pattern, signifying that the crystallographic model
utilized effectively captures the atomic arrangement within the
material. The slight discrepancies observed between the
measured and calculated intensities, as indicated by the nearly
horizontal difference line, suggest a high-quality match and the
absence of unrecognized crystalline contaminants. Moreover,
the deconvolution of the diffraction peaks allows for the iden-
tification of specific elemental contributions, with distinct
reflections associated with silver (Ag), carbon (C), and nitrogen-
oxygen species clearly discerned (Fig. S1(b)). The presence of Ag
reflections serves as confirmation for the incorporation of
metallic silver nodes within the metal-organic framework
(MOF), while the carbon and N-O peaks substantiate the pres-
ence of the organic ligand backbone along with the successful
introduction of amino functionalities derived from glutamic
acid. This elemental analysis directly reinforces the integrity of
the Ag-MOF coordination network and the establishment of
NH,-modified sites without compromising the original struc-
tural order. Collectively, the results obtained from the Profex
refinement substantiate the findings from QualX and conclu-
sively demonstrate that the synthesized NH,-Ag-MOF maintains
its crystalline characteristics while integrating nitrogen-rich

functional groups critical for improved adsorption
performance.®®
3.1.2. Brunauer-Emmett-Teller (BET) surface area. The

nitrogen adsorption-desorption isotherm analysis of NH,-Ag-
MOF reveals a considerable surface area of 1750.49 m> g™,
characterized by a mesoporous pore diameter of 3.84 nm and
a pore volume of 3.38 cm® g~ (Fig. 3(a)).*” These properties
render the material highly effective for the adsorption of heavy
metals, particularly Hg(u). The elevated surface area provides an
abundance of adsorption sites, while the mesoporous archi-
tecture, with its optimal pore dimensions, facilitates the effi-
cient ingress of Hg(un) ions into the material's framework.
Furthermore, the presence of silver (Ag) ions and amine (NH,)
groups contributes to improved selectivity and adsorption effi-
ciency through the promotion of specific interactions with
Hg(u) species. The Type IV isotherm exhibits pronounced
hysteresis at higher relative pressures, corroborating the
mesoporous nature of the material and indicating the
phenomenon of capillary condensation (see Fig. 3(b)). These
results substantiate the material's suitability for environmental
remediation initiatives aimed at the extraction of hazardous
heavy metals.*®

3.1.3. FT-IR. Fig. 3(c) of the FTIR spectrum illustrated
a variety of functional groups and chemical bonds present
within the NH,-Ag-MOF structure. The broad band occurring at
approximately 3332 cm " is most likely attributed to the O-H
bond. The band observed at 1233 cm™ " is primarily due to the
stretching and bending vibrations of the N-H bond, specifically
from the -NH, groups located on the surface of the NH,-Ag-
MOF. The presence of carboxyl functional groups was
confirmed as the origin of the C=0O bond vibrations, which
resulted in a pronounced band at 1571 cm™ . Furthermore, the
NH,-Ag-MOF exhibited a C-OH vibration at 1416 cm ™" and
a C-H saturated bond at 3056 cm ™ *. The Ag-O bond vibration in

RSC Adv, 2026, 16, 30687-30714 | 30691
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Fig. 3 Characterization of NH,-Ag-MOF: (a) N, adsorption—desorption isotherm, (b) distribution of pore radius, (c) FT-IR spectrum, and (d) EDX

analysis.

the NH,-Ag-MOF was identified in the band at 514 cm ™. The
FTIR analysis indicates a diverse array of oxygen and nitrogen
functional groups present in the synthesized NH,-Ag-MOF.
These functional groups are critical for the effective adsorp-
tion of heavy metal ions, serving as pivotal sites for this
process.*

3.1.4. EDX analysis. The Energy-Dispersive X-ray Spectros-
copy (EDX) profile illustrated in Fig. 3(d) corroborates the
successful synthesis and elemental composition of the NH,-Ag-
MOF. The spectrum exhibits prominent peaks associated with
silver (Ag), thereby affirming its role as the central metallic node
within the framework. Quantitative analysis reveals that Ag
comprises 9.52% of the total material, indicating that the
functional modification process preserved the metal content.
The substantial signals of carbon (C, 44.2%), oxygen (O, 33%),
and nitrogen (N, 13%) further substantiate the integration of
the organic linker and the amine functionality introduced
through glutamic acid. The significant percentages of carbon
and oxygen stem from the aromatic and carboxylate groups
present in the organic ligand, while the detectable nitrogen
confirms the effective grafting of -NH, groups onto the surface
of the MOF. This nitrogen-rich functionality is imperative for
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enhancing adsorption affinity for Hg(u) via chelation and
complexation mechanisms. Furthermore, the uniform distri-
bution of elements and the absence of extraneous peaks indi-
cate the purity of the synthesized NH,-Ag-MOF, confirming that
no undesirable impurities or secondary phases were generated
during synthesis.* Consequently, this EDX analysis reinforces
the structural and compositional evidence that the NH,-Ag-
MOF framework is effectively functionalized and chemically
optimized for selective mercury adsorption.***

3.1.5. SEM analysis. The FESEM images presented in Fig. 4
provide a comprehensive illustration of the distinctive
morphological features and elemental uniformity of the
synthesized NH,-Ag-MOF. This morphology suggests the pres-
ence of significant porosity and a substantial accessible surface
area conducive to the diffusion and adsorption of metal ions.
The irregular and textured topography observed is indicative of
well-structured metal-organic frameworks (MOFs), thus con-
firming that the synthesis methodology effectively yielded
a highly porous and interconnected framework rather than
consolidated crystalline aggregates. The accompanying
elemental mapping serves to reinforce the consistent distribu-
tion of the primary framework components carbon, nitrogen,

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02574a

Open Access Article. Published on 05 June 2026. Downloaded on 6/14/2026 8:07:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

“(b)

AgLROI(2)

Fig. 4 FESEM images of NH,-Ag-MOF: (a) SEM mapping, (b) grayscale, (c) thermal color, (d) cool blue tones.

oxygen, and silver throughout the surface of the material. In this
context, carbon is primarily linked to the organic linker back-
bone, while nitrogen confirms the successful incorporation of
amine groups resulting from glutamic acid functionalization.
The presence of oxygen is attributed to carboxylate groups that
play a role in metal coordination, and the silver is identified as
the central metal nodes stabilizing the MOF architecture. The
quantitative elemental mapping results show compositions of
41.2% carbon, 12.8% nitrogen, 33.4% oxygen, and 12.6% silver,
which correspond closely to the anticipated chemical formula,
suggesting that no foreign phases or contaminants were intro-
duced during the synthesis.** The concurrent presence and
homogeneous dispersal of these four elements further validate
the structural integrity and chemical consistency of the NH,-Ag-
MOF, emphasizing its well-defined framework and the preva-
lence of functional sites that can effectively interact with Hg(u)
ions. This interaction significantly enhances its adsorption
selectivity and overall performance (Fig. 4(a)). The visual
representations in grayscale (Fig. 4(b)), thermal color (Fig. 4(c)),
and cool-tone projections collectively illustrate a layered
nanosheet-like structure characterized by folded and wrinkled
formations (Fig. 4(d)).

3.1.6. XPS analysis. The high-resolution X-ray photoelec-
tron spectroscopy (XPS) data for the Ag 3d region of Ag-MOF-
NH,, before and after Hg(u) ion adsorption (Hg@Ag-MOF-NH,),
provide insights into the interactions between mercury ions and
the amine-functionalized silver sites. In the unaltered Ag-MOF-
NH, XPS spectrum, Ag 3ds,, and Ag 3d;, signals appear at
binding energies of about 368.32 and 374.65 €V, representing
the typical oxidation state of silver. The peak positioning and
a separation of approximately 6.3 eV between the spin-orbit
doublets indicate that silver is mainly in the Ag" coordination
sphere, stabilized by the organic linker matrix. After Hg(u)

© 2026 The Author(s). Published by the Royal Society of Chemistry

adsorption, shifts are observed in the peaks for Ag 3ds,, and Ag
3d;/, to lower binding energies (368.11 and 374.09 eV), along
with changes in peak intensity and area distribution.** These
alterations imply strong electronic interactions between silver
sites and Hg(u), suggesting partial electron transfer and coor-
dination between mercury and the amine functional groups.
The decrease in binding energies corresponds to changes in the
local electronic environment around the silver atoms due to
Hg(u) complexation, indicating that adsorption involves chem-
ical bonding rather than just physical interaction. Additional
fitted components and variations in peak ratios validate Ag-N-
Hg coordination interactions, highlighting the role of amine
groups in facilitating selective mercury capture. Overall, the XPS
findings confirm that Hg(un) adsorption onto Ag-MOF-NH,
occurs through a chemisorptive mechanism with direct inter-
actions and electronic perturbations at the Ag coordination
center, showcasing the material's affinity and selectivity for
mercury ions (Fig. 5).

The high-resolution C 1s XPS spectra for NH,-Ag-MOF and
Hg@NH,-Ag-MOF provide insights into the chemical environ-
ment of carbon before and after Hg(u) adsorption. The
unmodified NH,-Ag-MOF spectrum shows a primary C 1s peak
deconvoluted into three components: one at 284.21 eV (C-C/C-
H bonds from the aromatic organic linker), another at 285.93 eV
(C-N/C-O species from the amine-functionalized ligand), and
a peak at 288.56 eV (O=C-O groups from carboxylates coordi-
nating with silver centers). The peak intensities confirm
successful integration of amine and carboxyl functionalities.
After Hg(u) adsorption, significant changes in the XPS profile of
Hg@NH,-Ag-MOF are observed. The C-C/C-H component
remains dominant, but shifts in the C-N/C-O peak and an
increase in the O=C-O contribution indicate electronic
perturbation from mercury binding. The increase in the
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Fig. 5 XPS analysis of NH,-Ag-MOF.

carboxylate peak intensity suggests mercury ions preferentially
interact with nitrogen and oxygen donor sites, promoting
complexation over physical adsorption.*** These shifts reflect
a redistribution of electron density consistent with a coordina-
tion-driven adsorption mechanism, where Hg(u) interacts
closely with amine and carboxylate functionalities. This analysis
highlights the organic linker's crucial role in Hg(u) immobili-
zation, supporting the idea that adsorption is facilitated by

30694 | RSC Adv, 2026, 16, 30687-30714

strong chemisorptive interactions in the NH,-modified
framework.

The N 1s XPS spectra in Fig. 5 reveal critical insights into the
nitrogen chemical states in NH,-Ag-MOF and how they change
upon Hg(u) adsorption. The unaltered NH,-Ag-MOF shows a N
1s peak split into two parts: 400.11 eV relates to Ag-N coordi-
nation bonds between silver nodes and nitrogen ligands, while

399.55 eV represents unbound -NH, groups in the framework.
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This intensity distribution confirms both coordinated and
uncoordinated nitrogen sites, indicating that amine groups
partly participate in metal-ligand interactions, retaining avail-
able binding sites. After introducing mercury, the N 1s profile
for Hg@NH,-Ag-MOF shows notable changes, including an
additional peak at 402.11 eV, highlighting the formation of new
nitrogen-mercury coordination complexes. The relative inten-
sity of the -NH,, peak declines, and there is a partial decrease in
the Ag-N component, suggesting the involvement of free amine
nitrogen in bonding with Hg(u). The shift to higher binding
energies and increased intensity of the N-Hg peak suggest
electron withdrawal from nitrogen during complexation, indi-
cating a chemisorptive mechanism. These spectral alterations
underscore nitrogen's role as a key coordination site for Hg(u),
emphasizing the importance of amine groups in enhancing
both adsorption affinity and selectivity. Thus, N 1s XPS analysis
verifies that mercury capture occurs via strong N-Hg interac-
tions, enriching the understanding of Hg(i1) immobilization in
the NH,-functionalized Ag-MOF framework.

The O 1s XPS spectra for NH,-Ag-MOF and Hg@NH,-Ag-MOF
reveal insights into oxygen-containing functional groups and
their relation to Hg(u) coordination. In NH,-Ag-MOF, the O 1s
spectrum shows two main peaks: 531.48 eV for O-H groups
linked to surface hydroxyls and 532.89 eV for Ag-O bonds,
confirming coordination of oxygen from carboxylate ligands to
silver centers. The relative intensities indicate a significant
amount of oxygen in a coordinated state, supporting its role in
stabilizing the metal-ligand framework. Following Hg(u)
adsorption, the O 1s profile of Hg@NH,-Ag-MOF changes
notably, with a new peak at 533.41 eV attributed to C=0/0-C=
O groups involved in metal-carboxylate complexation, signaling
Hg-O interactions. Simultaneously, intensities for Ag-O and
O-H decrease, indicating these oxygen atoms participate in
binding Hg(u) ions. Increased contributions at higher binding
energies imply electron density withdrawal due to Hg(u) coor-
dination, confirming strong chemisorptive interactions over
mere physical adsorption.**” These changes highlight that
oxygen-based moieties, particularly carboxylate groups, serve as
key anchoring sites for mercury immobilization, enhancing
nitrogen coordination and the mechanisms for capturing Hg(u)
with NH,-Ag-MOF.

The high-resolution Hg4f XPS spectrum of Hg@NH,-Ag-
MOF provides clear evidence of mercury incorporation into
the framework. The spectrum displays two peaks corresponding
to the Hg(u) spin-orbit doublets: Hg 4f,, and Hg 4fs,, at
binding energies of 100.34 and 104.42 eV, respectively, with an
energy separation of about 4.08 eV, aligning with expected spin—-
orbit splitting for divalent mercury. These peaks confirm
successful integration of Hg(u) ions into the NH,-Ag-MOF
surface instead of a solvated state. The significant intensity of
the 4f,,, peak, making up 56.26% of the total intensity, indicates
that mercury is mainly adsorbed in its oxidized form. The fitted
envelope reveals secondary contributions from chemical inter-
actions, emphasizing the role of nitrogen and oxygen groups in
binding mercury. The lack of peaks for metallic mercury or
mixed valence states suggests adsorption occurs via complexa-
tion rather than reduction. These spectral traits affirm effective
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immobilization of Hg(u) within NH,-Ag-MOF, supporting the
chemisorptive nature of the adsorption as demonstrated by
thermodynamic and kinetic studies, enhancing the under-
standing of the modified framework's role in selective, stable
mercury capture.*®

3.1.7. Thermal gravimetric analysis (TGA). The NH,-Ag-
MOF TGA shows a clear multi-step thermal decomposition
profile, confirming good structural stability and successful
functionalization. The first weight loss of ~14.3% between ~26
to 170 °C is due to the removal of physically adsorbed water and
trapped solvent molecules within its porous framework. This is
followed by a second stage between ~235 to 341 °C with weight
loss of about 17.5% corresponding to coordinated solvents'
release and partial decomposition of surface functional groups
particularly amine (-NH,). More pronounced degradation starts
at around ~292 to 411 °C as indicated by DTG peaks which
means that the organic linker is progressively breaking down.
Major structural collapse takes place from ~424 to 554 °C with
significant weight loss about 27.4% which has been assigned to
complete decomposition of the organic framework plus
destruction of MOF architecture supported by a strong DTG
peak around ~485 °C plus corresponding DTA signals; only
minor mass changes are observed beyond ~600 °C indicating
the formation of thermally stable inorganic residues such as
silver or silver oxide (Fig. S2). In summary, NH,-Ag-MOF pres-
ents significant thermal stability up to about 300 °C, which
confirms its eligibility for adsorption application under
moderate thermal conditions and emphasizes the toughness of
its framework before degradation.*

3.1.8. Zero point of charge (pH,,c). The pH,,. of the NH,-
Ag-MOF was assessed utilizing the ApH versus initial pH
approach, as demonstrated in Fig. 6(a). The ApH values initially
exhibit an increase at lower solution pH levels, ultimately
crossing the zero line at a pH of 2.7. This observation indicates
that at this pH, the surface of the NH,-Ag-MOF possesses a net
neutral charge. Below this threshold (pH < 2.7), the ApH values
are positive, which signifies the protonation of amino and
carboxylate groups present on the surface of the MOF, resulting
in a positively charged adsorbent. Consequently, this condition
leads to electrostatic repulsion between the positively charged
surface of the NH,-Ag-MOF and cationic mercury (Hg(u)) species
(Hg** and HgOH"), thereby decreasing the adsorption effi-
ciency. Once the pH exceeds the pH,,. of 2.7, the ApH values
turn negative, indicating the deprotonation of amine groups
and the progressive establishment of a negative surface charge.
This deprotonation process promotes electrostatic attraction
and coordination interactions with Hg(u) ions, thereby facili-
tating their uptake through complexation with the surface -NH,
and -O functional groups. Hence, the pH,,. value of 2.7
substantiates that the NH,-Ag-MOF surface becomes more
conducive to Hg(u) adsorption at pH levels above 2.7, which
corresponds with the experimentally recorded enhancement in
removal capacity under mildly acidic to near-neutral condi-
tions. These findings underscore the critical role of surface
charge development in influencing the adsorption mechanism
and the affinity of NH,-Ag-MOF towards Hg(u) ions.
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Fig. 6 (a) Resolve of zero point of charge of NH,-Ag-MOF, (b) impact of pH (pH: 1 to 7, C;: 200 mg L™, dose: 0.02 g, contact time: 100 min,
volume 25 mL, temperature 25 °C), (c) impact of adsorbent dose (pH: 4, C;: 600 mg L™, dose: 0.02 to 0.50 g, contact time: 100 min, volume 25

mL, temperature 25 °C).

3.2. Batch experiments

3.2.1. Effect of pH. The effect of initial pH on the adsorp-
tion efficacy of Hg(un) by NH,-Ag-MOF, illustrated in Fig. 6(b),
exhibits a distinct pH-dependent response, with optimal
removal observed at a pH of 4.0, notably exceeding the mate-
rial's point of zero charge (pH,p. = 2.7). At pH levels below 2.7,
the NH,-Ag-MOF surface bears a positive charge due to the
protonation of amino and oxygen-containing functional groups,
which induces significant electrostatic repulsion against the
cationic Hg(u) ions, consequently limiting removal efficiency in
this acidic range. As pH levels rise above the pH,;, the surface
gradually develops a negative charge through the deprotonation
of the -NH, groups, thereby considerably enhancing electro-
static attraction and coordination interactions with Hg(m).>**>
This transformation from a positively charged to a negatively
charged surface elucidates the pronounced increase in
adsorption efficiency, peaking at pH 4.0, where a combination
of plentiful negatively charged active sites and partially hydro-
lyzed Hg(u) species promotes robust complexation and surface
binding.”® Beyond pH 4.0, a moderate decrease in removal
efficiency may be due to competition with hydroxide ions and
the incrementally occurring conversion of Hg(u) into neutral or
negatively charged hydroxo complexes.>** Thus, the optimal
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functionality at pH 4.0 underscores that efficient adsorption
transpires under conditions where the adsorbent surface is
negatively charged and Hg(u) remains in an easily bindable
cationic state, highlighting the pivotal role of surface charge
modulation in relation to the pH,,. of NH,-Ag-MOF.*®

3.2.2. Adsorbent dose. The influence of NH,-Ag-MOF
dosage on the adsorption of Hg(u) ions demonstrates a signifi-
cant pattern in which the adsorption capacity diminishes
concurrently with an increase in removal efficiency as the
concentration of the adsorbent escalates.’” At a lower dosage of
0.8 g L™, the adsorbent shows its peak adsorption capacity of
525 mg g ', a phenomenon attributed to the competitive
interaction of Hg(u) ions vying for a limited pool of active sites.
Nonetheless, the overall removal efficacy at this dosage remains
moderate at 70%, owing to an insufficient surface area to
accommodate the total Hg(u) ions present (Fig. 6(c)). As the
dosage is raised to 2.4, 4, and 7.2 g L', the availability of
additional functional sites, such as -NH, and Ag-coordination
centers, enhances the interactions and binding affinities with
Hg(u), thereby increasing the removal efficiencies to 74, 78, and
82%, respectively, despite a reduction in adsorption capacities
to 316.4, 212.62 and 142.4 mg g '. This reduction can be
explained by the situation where the number of active sites
surpasses the availability of mercury ions, leading to
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suboptimal utilization of the adsorbent surface. At elevated
dosages, specifically 16 and 20 g L™", the adsorption capacities
further decrease to 28.12 and 29.4 mg g~ '; however, the removal
efficiencies ascend to almost complete elimination levels of 94
and 98%, respectively. These findings elucidate that NH,-Ag-
MOF retains a remarkable affinity for Hg(u), indicating that
even minimal quantities can effectively adsorb considerable
amounts of mercury, while larger dosages facilitate nearly
complete purification processes. This dual behavior reinforces
the efficacy, selectivity, and economic viability of NH,-Ag-MOF
as an advanced adsorbent for the remediation of mercury in
aqueous systems (Fig. 6(c)).

3.3. Adsorption isotherm

The impact of initial Hg(u) concentration on the adsorption
efficacy of NH,-Ag-MOF reveals a concentration-dependent
trend characterized by an increase in adsorption capacity,
while removal efficiency exhibits a gradual decline with rising
metal concentration. At lower initial concentrations, such as
104.2 mg L™, the availability of Hg(u) ions is relatively low in
comparison to the plentiful active sites present on the NH,-Ag-
MOF surface. This abundance facilitates efficient binding,
resulting in a high removal efficiency of 94.44%. However, the
adsorption capacity remains moderate at 119.39 mg g~ ' due to
the limited availability of ions. As the concentration escalates,
a pronounced concentration gradient propels a greater number
of Hg(u) ions toward the adsorbent surface, which enhances
interaction and coordination with the amino groups and silver
centers incorporated within the MOF structure. Consequently,
this interaction markedly increases the adsorption capacity,
reaching values of 296.56, 474.27 mg g ', and ultimately
636.27 mg g ' at an initial concentration of 806.60 mg L.
Nonetheless, despite the significant augmentation in adsorp-
tion capacity, the removal efficiency progressively decreases
from over 94% to approximately 63%. This decline occurs due
to the saturation of the finite number of adsorption sites, which
limits their ability to accommodate all Hg(n) ions present at
higher concentrations, thereby resulting in a greater proportion
of ions remaining unadsorbed in the solution. The simulta-
neous rise in adsorption capacity alongside the decrease in
removal efficiency underscores that NH,-Ag-MOF possesses
a high affinity and considerable loading capability, even at
elevated levels of contaminants. These characteristic under-
scores its considerable potential for the treatment of mercury-
laden industrial effluents, where elevated metal concentra-
tions necessitate resilient adsorbent performance (Fig. S3(a)).
Important details regarding the adsorption of Hg(u) ions on
NH,-Ag-MOF are provided by adsorption isotherm models. The
models, such as Freundlich and Langmuir,*® determine the best
adsorption capability and provide a clear picture of the amount
of Hg(u) that the NH,-Ag-MOF can adsorb at equilibrium.* This
information is essential for evaluating its effectiveness and
potential for use in practical applications. Adsorption on
surfaces with changes is classified as either single-layer or
multi-layer under the Langmuir and Freundlich models.*®
These models provide insight into how mercury ions interact
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with MOF surfaces, whether uniformly or differently. Models
like Freundlich and Dubinin-Radushkevich have parameters
that give important information about the extent and feasibility
of adsorption.®® They can show whether the interactions are
physical or chemical, helping researchers to tailor conditions
for optimal efficiency.®* These models can also predict the
response of Hg(u) adsorption to varying concentrations and
environmental conditions, simulating real-world applications
and ensuring practical field outcomes.®* They also assist in
maximizing the efficiency of NH,-Ag-MOF usage for removing
mercury, reducing excessive use of the adsorbent and
preserving resources. Through the examination of how Hg(u)
ions interact with the amino and silver sites on NH,-Ag-MOF,
isotherms provide insight into the specific dynamics of these
interactions, including electrostatic attractions and coordina-
tion bonds. This contributes to the adsorbent's selectivity and
performance.®* Adsorption isotherms offer a way to compare
NH,-Ag-MOF's performance with other adsorbents, helping
researchers select the most effective material for removing
mercury in wastewater treatment. Essentially, isotherm models
provide a systematic representation of capacity, binding
dynamics, favorability, and performance, which are essential
for optimizing NH,-Ag-MOF for effective Hg(u) adsorption as
shown in Table S5.

By highlighting the adsorption capacity and the nature of the
connections, the model of Langmuir adsorption isotherm is
crucial for understanding Hg(u) adsorption on NH,-Ag-MOF.
According to this model, adsorption occurs in a monolayer on
a consistent surface, with each mercury ion taking up a specific
location on NH,-Ag-MOF. This makes the model ideal for
illustrating the maximum capacity for adsorption.*® With
a maximum adsorption capability g. of 638.2 mg g, the NH,-
Ag-MOF has a high ability to effectively collect mercury ions.
This is important for practical uses in removing heavy metals.
The Langmuir constant K;,, which is determined to be 0.0207 L
mg ', indicates the relationship between the adsorbent and
Hg(u). A moderate value implies a reasonable binding strength
that is necessary for efficient removal of Hg(i1) without excessive
use of material. The R; value of 0.48 indicates favorable
adsorption, falling between 0 and 1, and suggesting efficient
adsorption of mercury at various concentrations (Fig. 7(a and
b)). This indicates that NH,-Ag-MOF can effectively perform
under different conditions.”® In summary, the Langmuir
model's parameters g., K, and Ry, provide a comprehensive and
quantitative insight into NH,-Ag-MOF's ability to adsorb, such
as its maximum capacity and favorability. These parameters
also enable comparison with other adsorbents. This methodical
process not only improves NH,-Ag-MOF's effectiveness in
removing mercury, but also enables easy expansion in treating
wastewater. It shows how Langmuir modeling can offer useful
direction for achieving efficient, focused adsorption solutions
as demonstrated in Table S6.

The process by which Hg(u) is adsorbed onto NH,-Ag-MOF
can be better understood using the adsorption isotherm
model of Freundlich.* It can be used to depict adsorption on
surfaces with different affinities, unlike the Langmuir model,
which assumes homogenous adsorption places. The Freundlich
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Fig.7 (a) Adsorption isotherm models (pH: 4, C;: 104 to 806 mg L™, dose: 0.02 g, contact time: 100 min, volume 25 mL, temperature 25 °C), (b)
Langmuir linear model, (c) adsorption kinetic models (pH: 4, C;: 500 mg L™, dose: 0.02 g, contact time: 100 min, volume 25 mL, temperature 25 °

C), (d) pseudo-second-order linear form, and (e) diffusion mechanism of
time: 100 min, volume 25 mL, temperature 25 °C).

model is more appropriate for relating the heterogeneity of
NH,-Ag-MOF's surface, where mercury ions can bind to sites
with varying binding energies. The Freundlich constant Ky of
83.7 (mg g ) (L mg~)*'" shows that NH,-Ag-MOF has a great
adsorption capacity for mercury under different conditions.
Additionally, the computed constant n of 2.72 provides us with
information regarding the favorability and intensity of the
adsorption procedure. When the value of n exceeds 1, the
procedure becomes advantageous, indicating that NH,-Ag-MOF
has the ability to efficiently capture mercury ions, even with
increasing concentration.*»*® This suggests that adsorption is
more focused at higher initial concentrations, which can be
beneficial for treating wastewater with varying levels of mercury.
The Freundlich model's capacity to illustrate multilayer
adsorption on a heterogeneous surface offers a more realistic
view of the interactions between Hg(u) ions and NH,-Ag-MOF's
functional groups, such as amino and silver sites, which may
vary in their binding strengths. This flexibility in the model
offers predictive insights for scaling, as it suggests NH,-Ag-MOF
can handle fluctuations in mercury concentration effectively.
Overall, the Freundlich model's parameters, K and n, offer
a comprehensive picture of NH,-Ag-MOF's adsorption capacity,
efficiency, and adaptability, making it highly useful for opti-
mizing mercury removal processes in dynamic wastewater
conditions (Fig. 7(a and b)).
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Significant details on the adsorption of Hg(u) onto NH,-Ag-
MOF can be found using the Dubinin-Radushkevich (D-R)
adsorption isotherm model. This model analyzes factors such
as adsorption capacity, strength, and mechanisms, allowing for
a distinction between physical and chemical adsorption. In
contrast to Langmuir and Freundlich models, the D-R model
provides a more comprehensive insight into adsorption ener-
getics, essential for assessing the stability of mercury adsorp-
tion on NH,-Ag-MOF.* Boasting a maximum adsorption
capability Qpgr of 578.88 mg g, this model verifies NH,-Ag-
MOF's efficacy in capturing and retaining Hg(u) ions, demon-
strating its appropriateness for widespread use in mercury
removal applications. The D-R constant Kpr of 1.04 x 107*
mol® k]2 and the calculated average adsorption energy E, of
31.6 k] mol " provide additional support for this analysis. An E,
value greater than 20 kJ mol " indicates chemisorption rather
than physisorption.®* This is highly beneficial for treating
wastewater, since chemisorption results in a more robust and
enduring attachment of Hg(u) ions, leading to a decreased risk
of mercury being released back into the environment. The D-R
model also provides insight into how NH,-Ag-MOF interacts
with specific functional groups like amino and silver sites,
indicating that it is likely to form strong chemical bonds with
mercury. This enhances the material's ability to capture and
retain mercury selectively. By evaluating adsorption at different

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02574a

Open Access Article. Published on 05 June 2026. Downloaded on 6/14/2026 8:07:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

concentrations, the D-R model can better adjust to real-life
situations, considering the diversity in wastewater composi-
tions. In combination, the Qpgr, Kpr, and E, parameters ob-
tained from the D-R model provide a comprehensive
understanding into the adsorption efficiency, mechanism, and
stability of NH,-Ag-MOF, making this model essential for opti-
mizing NH,-Ag-MOF for effective and long-lasting elimination
of mercury in wastewater treatment procedures.

By taking into account the connections among the mercury
ions and the adsorbent surface during adsorption, the Temkin
adsorption isotherm model helps explain how Hg(u) is adsorbed
onto NH,-Ag-MOF. This differs from other models that assume
a constant energy level across sites. The Temkin model suggests
that as surface coverage increases, the adsorption energy of
NH,-Ag-MOF active sites decreases in a linear fashion.®* This
reflects a more accurate representation of the scenario where
occupied active sites become less energetically favorable. The
Temkin constant by of 15.84 ] mol ™" for NH,-Ag-MOF indicates
a moderate binding energy for Hg(u), implying a favorable yet
not overly strong interaction. The equilibrium between effec-
tiveness and reversibility is advantageous for applications
requiring efficient yet somewhat reversible adsorption, partic-
ularly when there is a need for adsorbent regeneration. More-
over, the equilibrium binding constant Ky of 0.22 L mol™"
demonstrates a strong affinity for Hg(u), indicating that NH,-Ag-
MOF can effectively capture mercury ions from the solution.
The Temkin isotherm effectively represents the varying
adsorption energy with coverage, given the heterogeneous
surface properties of NH,-Ag-MOF. This is due to the diverse
connections among different useful groups (such as amino and
carboxy sites) and Hg(u) ions. The Temkin model's flexibility
makes it an effective tool for evaluating how adsorption behaves
in situations of high substance concentration. This is particu-
larly useful for treating wastewater, where mercury levels can
fluctuate.® In summary, the Temkin model's parameters by and
Ky offer valuable information about NH,-Ag-MOF's ability to
adsorb, its effectiveness, and its flexibility in varying conditions.
This makes it a suitable option for improving mercury removal
processes that need a thorough understanding of adsorption
patterns over time.**

A useful model for describing the procedure of Hg(u)
adsorption on NH,-Ag-MOF is the Jossens adsorption isotherm
model. It is helpful since it can consider the surface's variability
and the large range of adsorption energies. Unlike other models
that assume consistent changes in adsorption energy, the Jos-
sens model is specifically intended for analyzing complex
surfaces, making it particularly appropriate for materials like
NH,-Ag-MOF, which has a variety of active sites due to the
attendance of amino and silver groups. The value of K at 15.38
in this situation indicates a significant attraction between Hg(u)
ions and the NH,-Ag-MOF surface, highlighting the adsorbent's
capacity to efficiently trap mercury ions. This strong attraction
is important in situations where effective and dependable
removal of mercury from wastewater is needed. The value 0.022
for the parameter J represents the distribution of adsorption
energies. A lower J indicates a narrower distribution, which
suggests that most active sites on NH,-Ag-MOF have similar
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energy levels. This uniformity suggests steady and consistent
adsorption effectiveness over a variability of mercury concen-
trations, which is particularly advantageous in real-life situa-
tions where mercury levels can vary. By accounting for energy
distribution, the Jossens model suggestions a thorough
understanding of the dynamics of adsorption on heterogeneous
surfaces. This understanding helps in enhancing the perfor-
mance of NH,-Ag-MOF under different operational conditions.
In summary, the K and J parameters offer a thorough and
accurate assessment of NH,-Ag-MOF's ability to adsorb, its
effectiveness, and its stability. This makes the Jossens model
extremely valuable for improving applications aimed at
removing mercury, especially in cases where surface heteroge-
neity plays a significant role in the adsorption technique.**

3.4. Kinetics of the adsorption

The Fig. S3(b) represented the influence of contact duration on
the adsorption of Hg(u) ions onto NH,-Ag-MOF, illustrating
a swift initial uptake followed by a gradual stabilization toward
equilibrium. In the initial phase, spanning the first few
minutes, a pronounced increase in the adsorption rate is
evident, which signifies the availability of numerous active
adsorption sites, including amino-functional groups and Ag-
coordination centers, for interaction with Hg(u) ions.*® This
phase is predominantly characterized by external surface
adsorption and surface diffusion, facilitating the rapid binding
of Hg(u) species to the adsorbent. As time advances, the
adsorption curve begins to plateau, indicating a deceleration in
uptake due to the increasing occupation of these active sites
and the subsequent diffusion of Hg(u) ions into the internal
pores of the framework. Following a duration of approximately
70-80 min, the adsorption process attains equilibrium, beyond
which no significant additional increase in adsorption capacity
is observed. This behavior suggests that the available sites have
reached saturation, or that mass transfer limitations have been
imposed. The ultimate recorded adsorption capacity exceeds
570 mg g, evidencing the pronounced affinity of NH,-Ag-MOF
toward Hg(n) ions and underscoring the necessity of sufficient
contact time to fully capitalize on the high-capacity structure of
the adsorbent. This kinetic profile emphasizes that, although
initial removal is rapid, the attainment of maximum adsorption
necessitates ample exposure time to permit Hg(u) ions to diffuse
deeper into the porous architecture of the MOF, thereby opti-
mizing removal efficiency for practical applications in waste-
water treatment.

It is highly advantageous to use adsorption kinetic models to
investigate the adsorption and removal of Hg(u) from NH,-Ag-
MOF. These models provide an inclusive insight of the proce-
dure's pace, mechanism, and overall efficacy. Researchers can
assess the rate of absorption of Hg(un) ions and ascertain
whether physisorption or chemisorption is the predominant
mechanism by using pseudo-first-order,” pseudo-second-
order,”® and intraparticle diffusion models.®® An approximate
first-order model points to physical adsorption, while an
approximate second-order model indicates chemisorption,
suggesting stronger interactions with the NH,-Ag-MOF amino
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and silver groups. Predicting the stability and efficacy of
adsorption more precisely is made possible by an under-
standing of the main mechanism.” The rate coefficients and
equilibrium adsorption capabilities can be found using kinetic
models, which offer important information on how quickly
Hg(ur) can be removed under different circumstances. This is an
important consideration for efficient wastewater treatments.”
By identifying whether adsorption is impacted by surface
contacts, film diffusion, or internal particle diffusion, as well as
identifying any potential processes that can restrict the rate of
adsorption, the intraparticle diffusion model digs further into
the process. The detailed understanding of how adsorption
works helps to adjust how long the contact time is and how
much adsorbent is used for the best results. Kinetic models that
describe how adsorption happens can help when designing and
improving NH,-Ag-MOF for removing mercury from wastewater.
This ensures that the treatment process is fast and effective, and
can be used on a large scale (Table S5).

To illustrate how Hg(u) is adsorbed onto NH,-Ag-MOF, the
pseudo-first-order adsorption kinetic model is helpful. It helps
to easily assess the original adsorption rate and efficiency by
simplifying and focusing on the interaction mechanism driven
by physical forces. According to this model, the difference
among the equilibrium concentration and the quantity of Hg(u)
adsorbed at a assumed time determines how quickly NH,-Ag-
MOF may absorb mercury ions. This aids in evaluating the
adsorption rate of the substance.®” The rate constant K;, which
was found to be 0.0915 min~' x 1072 in the current research,
provides valuable data on the degree of adsorption. The time
needed for NH,-Ag-MOF to adsorb a significant amount of
material can be estimated using this data. A smaller K; value
suggests that the adsorption process may proceed consistently
and gradually, potentially indicating a more lasting and stable
bond over time, even if the initial uptake rate is slower.*® For
preliminary studies to ascertain the speed at which NH,-Ag-
MOF reacts to Hg(u), the pseudo-first-order model is useful.
This is critical for applications requiring swift remediation. The
simplicity of the model assistances in understanding how the
adsorption process in NH,-Ag-MOF may be governed by surface
diffusion and physical adsorption forces, like van der Waals
connections (Fig. 7(c and d)).*” By employing the pseudo-first-
order model, researchers can learn more around the adsorp-
tion kinetics of NH,-Ag-MOF. If a more thorough comprehen-
sion of the underlying mechanisms is needed, this information
can be further extended to more complex models and can be
useful in enhancing the elimination of Hg(u) during the early
stages of wastewater treatment (Table S7).

The procedure of Hg(u) adsorption on NH,-Ag-MOF is fully
clarified by the pseudo-second-order adsorption kinetic
model.®® This model focuses on the chemisorption mechanism,
which involves electron involvement or valence forces among
the active sites on the MOF's surface, like its silver and amino
groups, and Hg(u) ions.®® This particular model is well suited for
materials in which adsorption is expected to result in strong,
potentially covalent or complex bonds. This suggests that the
binding of Hg(u) onto NH,-Ag-MOF is not only fast but also
long-lasting and secure. The rate constant K, of g mg " min ™"
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x 1072 indicates a steady adsorption rate, resulting in a highly
stable attachment of Hg(u) ions, although the process is
gradual. The NH,-Ag-MOF possesses a regulated rate of
adsorption which allows it to maintain effectiveness over an
extended period, making it a dependable choice for scenarios
requiring ongoing removal of mercury. Exhibiting an equilib-
rium adsorption capacity g. of 636.8 mg g ', this substance
show cases its capability to trap a substantial quantity of
mercury ions, illustrating the efficiency of the NH,-Ag-MOF in
adsorption. The high ¢. indicates that the pseudo-second-order
model, showing that the NH,-Ag-MOF effectively holds onto
mercury ions for an extended period, supports chemisorption.
This characteristic makes it suitable for environments with high
concentrations of mercury, such as industrial wastewater. The
stability offered by chemisorption ensures that, even with fluc-
tuations in mercury levels, the material remains effective and
poses minimal risk of releasing the mercury. By concentrating
on the kinetics of chemisorption, the pseudo-second-order
model improves the ability to predict long-term performance
and assists in optimizing operational parameters for the
expansion of NH,-Ag-MOF's use in practical applications. The
K, and gq. parameters in the model yield significant data
regarding the speed and volume of adsorption, key factors in
developing reliable systems for removing mercury effectively.
This model supports the extensive application of NH,-Ag-MOF
in industrial wastewater treatment, establishing a robust
framework for consistently maintaining high mercury removal
efficiency in diverse situations. The pseudo-second-order
kinetic model is generally essential for comprehending, fore-
casting, and improving the adsorption characteristics of NH,-
Ag-MOF. It offers a solid basis for optimizing its effectiveness in
environmentally friendly mercury removal procedures (Fig. 7(c
and d)).

The model for intraparticle diffusion adsorption offers
important analysis into how Hg(u) is adsorbed onto NH,-Ag-
MOF, highlighting the significance of mercury ion diffusion
within the adsorbent particles in affecting the adsorption
process.®® This design is ideally suited for NH,-Ag-MOF because
of its porous structure and variety of active sites. It helps to
elucidate the movement and interaction of mercury ions on
both the external and internal surface areas of the material. The
K; intraparticle diffusion rate constant, recorded at 81.93 mg g ™'
min~*2, demonstrates how fast mercury ions spread within
particles. A higher K; value implies effective internal diffusion,
which is advantageous for applications requiring rapid
adsorption rates. The value of 29.11 mg g~ for the intercept X
designates the attendance of the boundary layer result. A higher
X value suggests that surface adsorption plays a significant role
before mercury ions enter the internal pores of NH,-Ag-MOF.”®
To maximize contact duration and make efficient use of both
external and interior adsorption phases, it is essential to
comprehend the thickness of the borderline layer and the
influence of surface adsorption. The intraparticle diffusion
model can distinguish between surface and internal diffusion
stages, giving researchers important insights into potential
diffusion constraints. This enables targeted improvements, like
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altering contact time or particle size, to improve adsorption
effectiveness. The K; and X parameters of this model allow for
a complete empathetic of the multi-stage adsorption procedure.
This optimization enables NH,-Ag-MOF too effectively and
scalable remove mercury in wastewater treatment, by fully
utilizing surface and intraparticle adsorption dynamics.

For the analysis of Hg(n) adsorption onto NH,-Ag-MOF, the
Elovich adsorption kinetic model is helpful. The complex
chemisorption processes on various surfaces with variable
adsorption energies are easier to fully comprehend thanks to it.
NH,-Ag-MOF contains various active sites such as amino and
silver groups. These sites are believed to interact with Hg(u) ions
through different binding mechanisms, and the Elovich model
is able to effectively represent this range of interactions. The
desorption rate constant § of the model, which was measured at
139.58 (g mg ™ "), indicates very little desorption.” This suggests
that once the Hg(u) ions are adsorbed, they stay firmly bound to
NH,-Ag-MOF. As a result, it is well suited for applications that
require long-term mercury retention. This stability is especially
helpful in the wastewater treatment industry, where constant
and reliable mercury removal is crucial. The adsorption process
begins slowly, allowing Hg(m) ions to enter the adsorbent
structure more deeply, as seen by the first adsorption rate
constant « of 0.01 (mg g~ ' min~").” This results in the forma-
tion of strong and stable bonds, rather than just adhering to
surface sites, making it critical for effective mercury removal.
The gradual binding process is well-suited for processes domi-
nated by chemisorption, enabling mercury ions to form more
enduring bonds with the functional groups of NH,-Ag-MOF over
time. Using the parameters « and 3, the Elovich model offers
significant data about the long-term stability of Hg(u) adsorp-
tion as well as the initial adsorption kinetics.”” Therefore, it
serves as a valuable tool for enhancing contact time, adsorbent
dosage, and process parameters. This model has demonstrated
a high degree of efficacy in predicting NH,-Ag-MOF perfor-
mance in real-world mercury removal scenarios. It is crucial for
sustainable, extensive wastewater treatment that the material
remains stable and consistently efficient in adsorbing mercury.

3.5. Diffusion mechanism

Fig. 7(e) depicts the fitting outcome of the IPD model. The
complete process involves three stages: (i) extensive pore
diffusion, corresponding to speedy adsorption and a high K4
value; (ii) the diffusion of microporous materials is in align-
ment with medium absorption and the Ky, value, (iii) equilib-
rium adsorption occurs when the rate of adsorption is slow and
the K43 value is minimal. According to the Ky; values at each
step, as the reaction proceeds, it can be inferred that the rate of
adsorption falls, suggesting that the first two stages have the
most influence on the adsorption behavior.

3.6. Adsorption thermodynamics

The Fig. S3(c) illustrates the impact of temperature on the effi-
ciency of Hg(n) ion removal by NH,-Ag-MOF, revealing a signif-
icant enhancement in adsorption performance as the
temperature increases from 20 to 45 °C. At lower temperature
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conditions, the removal efficiency remains relatively low,
attributable to the diminished mobility of Hg(u) ions and
restricted interaction with available active adsorption sites. As
the temperature escalates, a corresponding increase in removal
efficiency is observed, suggesting that the adsorption process is
fundamentally endothermic. Elevated temperatures contribute
to an increase in the kinetic energy of Hg(u) ions, a reduction in
the viscosity of the solution, and an augmentation of diffusion
rates. These factors enable the ions to enter the porous frame-
work of NH,-Ag-MOF more readily and engage with the amino
and silver coordination centers. This temperature-dependent
improvement persists until reaching the maximum assessed
temperature of 45 °C, where the removal efficiency approaches
nearly 100%. The consistent rise in efficiency substantiates the
notion that higher temperatures promote stronger binding
interactions and expedite the adsorption mechanism, thereby
enhancing the adsorbent's ability to remove Hg(u) from the
solution. Collectively, these findings confirm that NH,-Ag-MOF
demonstrates exceptional adsorption characteristics under
thermally activated conditions, rendering it particularly effec-
tive for mercury remediation in contexts where effluent
temperatures may be inherently increased, such as in various
industrial applications™7*

The capacity of materials to absorb heavy metals is mean-
ingfully influenced by temperature. The behavior of NH,-Ag-
MOF in absorbing Hg(u) at three distinct temperatures 298,
308, and 318 K was examined. Table S5 displays the thermo-
dynamic parameters, including standard enthalpy (AH®), stan-
dard entropy (AS°), and Gibbs free energy (AG°), which were
calculated (Table S5).7® The adsorption procedure of Hg(u) onto
NH,-Ag-MOF is endothermic, as indicated by the positive value
of AH° in Table S8 and Fig. 8(a, b).”””® The adsorbent surface
and Hg(u) interface are more disordered, as indicated by the
positive values of AS°. As temperature increases, the AG® value
decreases, leading to an increase in the spontaneity of the
reaction. This suggests that higher temperatures promote the
advancement of the reaction (Fig. 8(c)).”*® It may be concluded
that the Hg(u) adsorption onto NH,-Ag-MOF is classified as
chemical adsorption when combined with the normal adsorp-
tion energy (E,) of 35.1 k] mol " and the Gibbs free energy AG°.
For Hg(u) adsorption, the NH,-Ag-MOF generally exhibits
a spontaneous endothermic reaction, as shown in Table S8.%%%

3.7. Reusability

The absorption procedure was started by treating 50 mL of
a 200 mg per L Hg(u) solution with 0.02 g of NH,-Ag-MOF for
one hour at a pH of 4. Following filtering, the Hg(u)-loaded
absorbent was covered with 50 mL of EDTA solution
(0.05 mol L"), which was then agitated for 3 hours at 25 °C.5%%*
The NH,-Ag-MOF was extracted from the combination by
centrifugation, and the mixture was washed with bi-distilled
water. After drying under vacuum at 70 °C, it was then used
again in the following cycle. Adsorption and repetition were
carried out five times. The strong reactivation ability of
a sorbent is necessary for any possible commercial use.***
When EDTA was utilized to assess the restoration of NH,-Ag-
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MOF for removing Hg(u), it was found that 92% of the Hg(u) was
escaping from the sponge. Over five series of sorption-desorp-
tion-sorption, the capabilities were 98.6, 97.2, 94.8, 90.6, and
84.2% of the original capacity, respectively (Fig. S4(a)). Perhaps
as a result of the loss of vigorous sites and modifications to the
specific geometric structure, the amount of uptake gradually
reduced as the number of cycles rose. According to these find-
ings, NH,-Ag-MOF may be efficiently recycled.’*'**® The reg-
enerated NH,-Ag-MOF has an XRD pattern in Fig. S4(b) that
shows very good structural stability for the adsorbent after the
adsorption-desorption process. The peaks for diffraction from
the regenerated material are still well defined and closely match
those of pristine NH,-Ag-MOF, meaning that the crystalline
framework is mostly kept. There is no significant shifting or
disappearing of peaks, nor any new peaks forming; this means
there was no structural collapse and phase transformation
during regeneration. A small decrease in peak intensity might
be seen but can be due to little surface coverage or leftover
adsorbate rather than degradation of the framework itself. The
fact that characteristic diffraction features are retained proves
that the coordination environment and long-range order of the
MOF have stayed intact, which emphasizes its strength under
operational conditions. Therefore, the results from XRD clearly
indicate high regeneration capability and structural durability
for NH,-Ag-MOF; hence it could be considered a promising and
reusable adsorbent for Hg(u) removal. The SEM image of reg-
enerated NH,-Ag-MOF in Fig. S4(c) indicates that the adsorbent
retains its morphological integrity after the adsorption
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(a) The Van't Hoff model of thermodynamic adsorption, (b) the temperature effect on free Gibb's energy, and (c) Arrhenius model.

desorption process of Hg(u). From this micrograph, it is clear
that material has an aggregated and layered structure with
particle sizes still within nanoscale range (about 20 to 150 nm),
which means there was no major structural collapse or frag-
mentation of particles during regeneration. The texture on the
surface looks fairly rough and unbroken, indicating that most
active sites as well as the porous framework have been
preserved. There are no clear signs showing severe agglomera-
tion, dissolution, or deformation; hence material's strong
nature under these tested conditions is confirmed. Even if slight
alterations in surface characteristics might be found, they could
be due to adsorption and desorption interactions instead of
lasting structural damage. In general terms, SEM analysis
proves that NH,-Ag-MOF has great morphological stability and
reusability which backs up its claim to serve as a long-lasting
adsorbent for repeated cycles of Hg(i1) removal.

3.8. Frontier molecular orbitals and DFT calculations

Using the Gaussian16 software, density functional theory (DFT)
simulations were performed to examine the interaction of glu-
tamic acid and Hg(u). To understand a molecule's reactivity and
look into the electron transfer among the highest occupied
molecular orbital (HOMO) as well as the lowest unoccupied
molecular orbital (LUMO), it is important to use a study of the
border molecular orbitals. Fig. 9(a). A molecule's interaction
with metals can be inferred from the difference in energy levels
between its Egomo and Epymo (Fig. 9(b)). The band gap energy
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Fig. 9
map of glutamic acid, complexes position (1), (2), and (3).

values for glutamic acid and its complexes at positions 1, 2, and
3 were determined to be 0.141, 0.112, 0.013, and 0.08 eV,
respectively. This study suggests that the stability ranking is
complex 1 < complex 2 < complex 3. The information is sup-
ported by the experimental data from the B-H plots, which
show that the complexes’ binding affinity values increase in the
same order.*”*® The electrostatic potential (ESP) map in Fig. 9(c)
was used to measure the surface charge of glutamic acid
molecules both before and after metal complexation. Divalent
metal ions surround the negative charge, according to the
results, indicating that the charges were moved from the ligand
to the metal cations during the metal's complexation.®*
Analyzing the electron distribution in glutamic acid and its
bonding with mercury utilizing Gauss View software provides

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) B3LYP/6-311G(d, p) level enhanced structure, (b) Eyomo and E ymo energy levels, (c) electrostatic potential map (ESP), and (d) contour

a thorough insight into the molecular arrangement, distribu-
tion of electric charge, and dynamics of interaction. This is
essential for enhancing comprehension of the stability and
reactivity of these compounds. Electron density maps offer in-
depth insights into the bonding of atoms, allowing
researchers to identify specific locations, such as carboxyl or
amino groups, where mercury can bond. This is crucial for
predicting the biological interactions and potential harmful
effects of substances with accuracy. This analysis is helpful for
evaluating how charges are distributed and for identifying polar
regions and areas where electrons are either given or taken, all
of which are important for understanding how mercury binding
affects the function of glutamic acid. Gauss View allows for the
visualization of molecular orbitals and potential electron
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transfer by mapping electron density (Fig. 9(d)). This is useful
for studying the effects of mercury on electron-rich systems.
Additionally, insights into electron density can help researchers
validate theoretical models used in predicting toxicity and
reactivity in environmental and medicinal chemistry. This
thorough method assists in identifying energy and stability
influences, leading to the discovery of low-energy shapes and
possible structural alterations caused by mercury. This is
essential for the progression of research in areas such as envi-
ronmental toxicology and pharmacology.

The importance of contour plots in the examination of gluta-
mic acid and its mercury complexes cannot be overstated in the
realm of molecular chemistry. These visualizations provide an in-
depth and detailed depiction of electron density distribution,
offering valuable insights into molecular interactions and stability.
Contour plots are useful for identifying areas with different elec-
tron density, this is essential for identifying possible binding sites
and comprehending the interactions between mercury and func-
tional groups such as glutamic acid's carboxyl or amino groups.
The diagrams illustrate small fluctuations in electron density that
arise when mercury forms complexes. This allows researchers to
identify alterations that reveal the reactivity, stability, and impact
on the biochemical role of glutamic acid within these complexes.”
Additionally, contour graphs simplify the visualization of alter-
ations in molecular orbitals, providing a better understanding of
electron transfer capacity and bonding properties. This detailed
information helps make predictions about how toxic mercury-
glutamic acid complexes will behave in the environment. Contour
analysis is a highly valuable tool in computational chemistry,
environmental science, and pharmacology for understanding the
impacts of heavy metal interactions with biomolecules (Fig. 9(d)).

3.9. Interaction mechanism

There are four ways that the NH,-Ag-MOF can adsorb mercury:
surface complexation, cation exchange, pore filling, and

(i)

Adsorption on
active sites

Internal
diffusior/

Diffusion mechanism

External
diffusion

Fig. 10

Schematic diagram of mechanism of interaction.
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electrostatic communication. The main mechanism for mercury
adsorption on the adsorbents was chemical adsorption, according
to the findings of kinetics and isotherm tests. Nevertheless, the
NH,-Ag-MOF's high surface area and variety of porous materials
can also cause van der Waals forces to cause physical adsorption, as
well as pore filling. Adsorbent material offers potential for removing
mercury from contaminated water and industrial effluents. This is
due to its ability to adsorb mercury through multiple pore sizes, as
indicated by the intraparticle diffusion model. Hg*" is the most
prevalent species at a pH level of less than 2, whereas Hg(OH), is
leading at a pH level higher than 4. Both species and Hg(OH)" can
coexist in aqueous solutions with pH values between 2 and 4. The
negatively charged surface of the NH,-Ag-MOF composites attracts
Hg”* and Hg(OH)" via electrostatic contact when the pH is 4. A
variety of surface useful groups, such as COO ™, and O™, can interact
with the cation's ions. On the other hand, Hg(OH), do not carry
a charge, showing that electrostatic interaction does not impact the
adsorbent surfaces when the pH is above 4. Still, the NH,-Ag-MOF
demonstrates a significant 96.5% removal efficiency at a pH of 4.
NH,-Ag-MOF effectively removes mercury ions from water solutions
thanks to a variety of adsorption processes.*** The molecular-level
binding of the adsorption places to the target contaminants has
been confirmed by the DFT calculations. Fig. 10 shows the
improved surface electrostatic potential distribution and structures.
The color bar's blue-to-red gradient represents a slow increase in
electrostatic potential from negative to positive. The distribution of
electrostatic potential in both states indicates that the various
nitrogen functional groups are where the majority of the negative
potential is located. Compared to the reduction state, the lowest
oxidation state is lower. Nonetheless, mercury adsorption is more
supported by negative electrostatic potential sites.*

3.10. Impact on actual water samples

The NH,-Ag-MOF was tested to see how it could be used to treat
actual wastewater from a coating ability. The effluent sample

UOT)IBIAUI JO WISTUBYIIA]

Physisorption
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Table 2 Different adsorbents’ Hg(il) adsorption capacities
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Adsorbents BET (m* g™ ") T (°C) pH Q. (mgg™) References
PAC 1786.9 25 7 405 90
SBA-15 148.7 25 6 40.4 91
Zeolite 126.9 25 6 84.24 92
PAAM-NH,-MCM-41 646 25 5.2 177 93
Chitosan/MCM-41-PAA 253.31 25 4 164 94
NiFe,0,-PAC-SH 1700.4 25 7 298.8 90
CoFe,0,@mSiO,-NH, 147.08 25 7 149.3 95
Ppy-SBA-15 49.6 48 8 200 96
APTMs-modified TO-NFC 129.32 50 3-7 242.1 97
Starch/SnO, 78.5 25 7 192 98
NH,-Ag-MOF 1750.49 25 4 635.7 This search

was taken from a manufacturing area. The electroplating
wastewater has high levels of heavy metal ions including Cr(vi)
(9.42 mg L), Cd(n) (11.86 mg L), Ni(u) (14.62 mg L"), Cu(u)
(7.88 mg L"), Zn(u) (6.84 mg L) and Hg(u) (8.44 mg L™ ). The
specified concentration used was 0.08 g L™'. According to
Fig. S5, the NH,-Ag-MOF has a removal efficiency of 98.6% for
Hg(n) and the content of Hg(u) after treatment is lower
0.1 mg L™, assembly the principles of the “Emission Standard
of Pollutants for Electroplating”. This indicates that the NH,-Ag-
MOF is a very promising adsorbent having a very discerning
adsorption for Hg(u) in applied use.®***

Table 3 Details regarding the Hg(in) adsorption capability and
response surface of the central compound design

Actual variables Adsorption capacity (mg g~ ")

Run Dose (g) Time (min) pH Experimental Predicted Residue
1 10.4 5 7 33.88 4.85 29.03

2 10.4 100 7 438.41 470.57 —32.16
3 0.8 52.5 1 360.86 364.03 —-3.17

4 10.4 52.5 4 444.13 444.13 0.0000
5 10.4 100 1 329.38 358.40 —29.03
6 0.8 52.5 7 461.90 461.94 —0.0442
7 0.8 100 4 635.70 603.50 32.20

8 10.4 52.5 4 444.13 444.13 0.0000
9 10.4 5 1 25.45 —6.70 32.16
10 10.4 52.5 4 444.13 444.13 0.0000
11 20 5 4 30.70 62.90 —32.20
12 10.4 52.5 4 444.13 444.13 0.0000
13 20 52.5 7 303.88 300.70 3.17

14 10.4 52.5 4 444.13 444.13 0.0000
15 20 52.5 1 274.94 274.89 0.0443
16 20 100 4 397.31 368.33 28.98
17 0.8 5 4 49.12 78.10 —28.98

Table 4 Sequential model sum of squares

3.11. In contrast to other adsorbents

A comparison between the synthesized NH,-Ag-MOF and other
adsorbents found in the literature was conducted. The synthe-
sized NH,-Ag-MOF has a higher adsorption capability than
many other compounds (Table 2).

3.12. Analyzing response surfaces and modeling
experimental designs

3.12.1. Investigative statistics. The suitability of the
adsorption system design model and the adsorbate molecules’
capacity to stay on the adsorbent superficial are what determine
the adsorption procedure's effectiveness in commercial appli-
cations. Optimizing the adsorption capability (Y) with the Box-
Behnken design, as indicated in Table 3, is crucial to achieving
this. For several reasons, the two-factor interaction model was
suggested as a way to navigate the design space. One explana-
tion is that the experimental design configuration makes it
impossible to estimate some main effects or interactions
between variables independently, which is known as aliasing of
the cubic model. Because of this, it could be difficult to correctly
interpret the findings and discern the actual impacts of the
variables.*' Next, the quadratic model has R?, adjusted R, and
predicted R* values around 0.9862, 0.9685, and 0.7793, indi-
vidually. Ageq precision evaluates the signal to noise ratio, with
a ratio above 4 being preferable. The adequate signal is desig-
nated by the ratio of 24.263. Furthermore, the quadratic inter-
action and linear two-factor models also exhibit statistical
significance, with sequence probability values of around 0.0010,
0.782, and >0.0001. Furthermore, as Table 4 illustrates, this is
the highest-order polynomial wherever the extra terms have
meaning and the classic is not aliased.

Source Sum of squares d¢ Mean square Sequential p-value Adjusted R* Predicted R

Linear 1.616 x 10° 9 17 952.58 0.0010 0.6356 0.5011

2FI 1.456 x 10° 6 24 274.47 0.7802 0.5730 0.1311

Quadratic 7526.79 3 2508.93 <0.0001 0.9685 0.7793 Suggested
Cubic 0.0000 4 1.0000 Aliased

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Evaluating the variance of the models that have been fitted

Source Sum of squares D¢ Mean squares F-value P-value

Model 5.382 x 10° 9 59797.74 55.61 <0.0001 significant
A-pH 7653.44 1 7653.44 7.12 0.0321

B-dose 31343.07 1 31 343.07 29.15 0.0010

C-time 3.451 x 10° 1 3.451 x 10° 320.98 <0.0001

AB 1299.57 1 1299.57 1.21 0.3080

AC 2530.64 1 2530.64 2.35 0.1689

BC 12 096.15 1 12 096.15 11.25 0.0122

A? 28716.02 1 28716.02 26.71 0.0013

B> 523.94 1 523.94 0.4873 0.5077

c? 1.009 x 10° 1 1.009 x 10° 93.80 <0.0001

Residual 7526.79 7 1075.26

Lack of fit 7526.79 3 2508.93

Pure error 0.0000 4 0.0000

Cor. total 5.457 x 10° 16

3.12.2. ANOVA analysis. The ANOVA investigation was
utilized to determine the fit and importance of the interaction
between two factors in Table 5. With a Fisher value of 55.61, the
model is reflected statistically important. A Fisher value this
high suggests that it is unlikely to occur due to random chance
in less than 0.01% of cases, indicating that it may be due to
other factors. Each term's significance was determined by
probability values less than 0.05. A Fisher lack-of-fit value of
7526.79 suggested that the absence of fit was important. There
is a 0.01% accidental that a high Fisher lack-of-fit rating is the
result of random variation.”

For varying factor values, the reaction can be predicted using
the equation with coded factors. High-level variables are auto-
matically entered as +1, whereas low-level factors are designated
as —1. When comparing component coefficients and assessing
their respective importance, this coded equation is useful. The
coefficients for comparison are given by eqn (5):

ge = 444131 + 30.9302 x A4 + —62.593 x B + 207.707
x C — 18.0247 x AB + 25.1528 x AC — 54.9912
x BC — 82.5836 x A% — 11.1551 x B* — 154.767 x C* (5)

The equation based on real factors can be used to predict the
outcome levels of each ingredient.” In this case, the levels of
each element should be stated clearly in their original units.
Because the intercept is not at the exact center of the design
space and its coefficients are changed to match the units of each
factor, it should be highlighted that this equation is not
appropriate to calculate the relative importance of each element

(eqn (6)).

ge = —162.656 + 80.9599 x pH + 4.83221 x dose + 12.1234
x time — 0.625859 x pH x dose + 0.176511 x pH
x time — 0.120595 x dose x time — 9.17596
x pH? — 0.121041 x dose® — 0.0685948 x time? (6)

The graphical representation shown in Fig. 11 is an effective
method for confirming the accuracy of a regression model by
supplying valuable data.>*'* According to the first chart, which
shows the standard probability in relation to externally

30706 | RSC Adv, 2026, 16, 30687-30714

studentized remains, the model structure and ANOVA effects
are suitable (Fig. 11(a)). The accuracy of the linear trend
(Fig. 11(b)) is confirmed by the second chart, the prediction
against reality graph, which shows that the actual investiga-
tional effects match up smoothly with the expected values.
Fig. 11(c) displays the Box-Cox plot, which is utilized to deter-
mine the most suitable power transformation for normalizing
data. The vertical axis is labeled as Ln (Residuals) and repre-
sents the natural logarithm of the residual sum of squares.
Lower values on this axis indicate more effective trans-
formations that minimize residual error. The Lambda (1)
labeled horizontal axis displays different power trans-
formations, with A = 1 representing no transformation, A =
0 indicating a log transformation, and other values representing
varying levels of transformation. The green vertical line indi-
cates the ideal lambda value, which is close to zero. This
suggests that a log transformation with a lambda value around
zero would be the most effective approach for reducing variance
and promoting normal distribution in the data. The blue and
red lines surrounding the optimal lambda, which means that
any A within this range would result in similar improvements in
normality and residual minimization, indicate the confidence
interval. This plot suggests that using a log transformation with
a 4 close to zero can assist in meeting statistical assumptions,
ultimately improving data analysis by making the distribution
of data more normal and homoscedastic.'” The graph in
Fig. 11(d) shows how the studentized external residuals are
spread out based on the predicted responses. This helps to
identify any outliers and evaluate how well the regression model
fits. The plot shows that all of the student's external residues fall
within the forecast boundaries and are uniformly distributed
around 0.'° The perturbation map in Fig. 11(e) displays the
contrast of each variable at a specific place inside the carefully
measured interplanetary design. To control the yield response,
only one element was altered across its range; all other
components remained unchanged. The story highlights how
each component touches a particular region of the design
setting (e.g., pH, dosage, and time). It seems that each factor
contributes to the adsorption capacity.®* The correlation among

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(a) Plots of normal probability for residuals, (b) plots demonstrating the relationship among the expected and experimental values, (c)

Box—Cox shows how the residuals change in relation to the lambda, (d) use a highly standardized residuals vs. residuals calculation, (e) plot the
rate of response perturbation (for A: pH, B: dose, and C: time), and (f) graphical optimization of adsorption capacity.

PH and adsorption time demonstrated how quickly these vari-
ables affected adsorption capability. Determined which
parameter had the greatest influence by looking at the factors in
eqn (6). It was discovered that time, pH, and the adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry

dosage all consistently positively compressed the measured
adsorption capability. The 3D cube plot shown in Fig. 11(f)
demonstrates how three different variables pH (A), dose (B), and
time (C) - affects a response variable, g, in mg g~'. Each axis

RSC Adv, 2026, 16, 30687-30714 | 30707
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Fig. 12 3D interaction, contour, and desirability: (a) communication among dose and time, (b) dose and pH, and (c) interaction between pH and

time.

represents one of the variables at two levels: pH ranges from 1 to
7, dose ranges from 0.8 to 20, and time ranges from 5 to 100.
The numbers at the corners show g. under various combina-
tions of these factors, demonstrating how they interact. For
instance, high ¢. values (e.g 595.024) indicate favorable
conditions. This graphic provides a clear view of how pH, dose,
and time affect g., identifying the best conditions and allowing
for easy comparison to determine optimal factor settings for
increasing or changing the response. It is a useful device for
examining complicated interactions in investigational
design.'®

3.12.3. Adsorption capacity and the impact and adjust-
ment of the input factors. 2D contour as well as 3D response
surface plots, which illustrate how two different factors impact
the response within the tested ranges while maintaining all
other variables constant, are shown in Fig. 12(a-c) to help
visualize how several factors interact and effect g.. The

30708 | RSC Adv, 2026, 16, 30687-30714

relationship between the adsorption capacity (mg g '), the
amount of adsorbent (g), the pH level, and the duration of
contact (min) is shown in three dimensions in Fig. 12(a-c).*"**
The findings indicate that the adsorption capacity can be
increased by either extending the contact time or lowering the
dosage of the adsorbent. Furthermore, it has been determined
that the optimal pH for adsorption is 4, as this is where maximal
capacity occurs. The desirability operation, which ranges from
0 to 1, is used for optimization. An answer with a value of 0 is
seen as substantially different from the desired result, whereas
a response with a value of 1 is regarded as desirable.*****
3.12.4. Validating models and wusing the desirability
method. Fig. 13(a) displays the optimal predicted values for the
experimental settings to achieve the best performance
(adsorption capability). The results of the desirability function
are shown in Fig. 13(b). Within certain bounds, such as C,
ranging from 100 to 800 mg L™, temperature from 20 to 45 °C,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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desirability.

and contact time from 5 to 100 min, the experiment examined
the response for each factor. The experiment's outcomes closely
matched the anticipated reactions.?® After that, two compliance
tests were conducted using the adjusted input settings
(Fig. 13(c)).>'** This experiment demonstrated the precision
and efficacy of the BBD when combined with the want function
to identify the optimal adsorption configuration for optimal
output. Thus, under these favorable circumstances, further
research on isotherms, kinetics, and thermodynamics was
conducted.*>'**

4. Conclusion

Because of the increasing amount of mercury pollution in
industrial wastewater, many researchers have been working to
find ways to get rid of Hg(u). However, the methods used to
remove Hg(u) ions often end up removing other important
metals as well, causing economic losses. In this research,
a functionalized NH,-Ag-MOF has been created to remove Hg(u)
from solutions. This is achieved by incorporating glutamic acid
to enhance the functional group on the adsorbent (NH,-Ag-
MOF). The absorbent was successfully created and examined
using multiple approaches with XRD, FT-IR, XPS, SEM, EDX,
and N, adsorption/desorption isotherm. These tests revealed
a large surface area of 1750.49 m* g~', a mesoporous pore size
of 3.84 nm, as well as a pore volume of 3.38 cm® ¢~ In addition,
the study included batch experiments to examine the properties
of absorbent amount, Hg(u) concentration, temperature, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Increasing curiosity about the numerically optimal solutions,

(b) each response's desirability, and (c) a bar graph representing individual

time. The kinetic model was fitted to the pseudo-second-order,
and the Langmuir equation was used to predict the adsorption
isotherm. The adsorption energy of 31.6 k] mol ' demonstrated
that the adsorption procedure type that was observed was
chemisorption. The research found that the adsorption is
endothermic, with a positive enthalpy AH° of 84.9 k] mol " K.
Similarly, the entropy AS° is positively charged at 291.4 ] mol "
K ', showing that as temperature rises, randomness and
removal also increase. The free Gibbs energy AG° becomes more
negative with increased temperature, favoring both the
adsorption and elimination of Hg(u). An analysis of the inter-
action between Hg(u) and NH,-Ag-MOF has exposed that the
adsorption procedure is significantly affected by the electro-
static interaction, according to density functional theory (DFT)
controls. The material used to absorb the particles was discov-
ered to be very reusable, showing effective performance.
Response Surface Methodology (RSM) as well as Box-Behnken
design (BBD) were employed to improve the absorption process’
efficiency.
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