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Abstract: Following the successful development of glycine-functionalized silica gel material (SG-Gly-
Na") as an effective sorbent for Fe* ions, this study evaluates the sorption efficiency and mechanism
under batch conditions. The material is systematically investigated with varying contact time, initial
Fe** concentration (1 to 100 mg L), pH (2 to 11), temperature (25 to 55°C), and adsorbent dosage (1
10 gL "), followed by kinetic and isotherm modeling. The sorption process is rapid, achieving
equilibrium within 50 to 120 min and a maximum removal efficiency of ~ 99% at pH 7.0. Sorption
kinetics followed the pseudo-second-order model (R? > 0.99), and the Arrhenius analysis yielded an
activation energy of —43.43kJmol™, indicating that the rate constant decreases with increasing
temperature, consistent with a diffusion-controlled process or a change in the rate-limiting step at higher
temperatures. The sorption capacity (ge) increased with temperature, reaching an experimental ¢g. =
24.95 mg g ' at 45°C, confirming the endothermic nature of the process. Equilibrium data at 25°C were
well described by the Langmuir isotherm (R? = 0.998), indicating monolayer adsorption on
homogeneous sites. At higher temperatures (35-55°C), the Freundlich model became statistically
applicable (R2 > 0.947), reflecting a temperature-dependent shift in the sorption mechanism with
contributions from heterogeneous surface interactions or multilayer adsorption. High removal
efficiencies were achieved even at ambient temperature, highlighting the sorbent’s energy efficiency.
The SG-Gly-Na* material exhibits fast kinetics and favorable sorption capacity for Fe** ions under the
studied conditions, supporting its further evaluation for potential water treatment applications.

Keywords: glycine-functionalized silica gel; Fe** sorption; kinetic modeling; pseudo-second-order;
Langmuir isotherm; Freundlich isotherm; activation energy; water treatment.
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1. Introduction

Heavy metal contamination in water poses serious risks to human health, particularly
affecting the gastrointestinal tract and liver [1-5]. The presence of iron(l11) ions exceeding
0.3 mg L™ can impart a metallic taste and odor to water, and higher concentrations may pose
health concerns [6]. According to the World Health Organization, while iron is not considered
a primary health hazard, excessive intake can cause gastrointestinal distress [7, 8].
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Among various physical-chemical treatment technologies [9-12], adsorption is
particularly attractive due to its cost-effectiveness, efficiency, and simplicity [13]. Various
functionalized materials have been explored, and silica gel (SG) stands out as a promising
adsorbent owing to its high surface area and thermal stability. Modification of the SG surface
with amino acids, such as glycine, introduces functional groups (amino and carboxyl) that can
chelate metal ions, thereby enhancing sorption efficiency, capacity, and selectivity [14-15].
For instance, glycine--, diglycine--, and triglycine-functionalized silica gels have been used to
prepare Cu-imprinted sorbents with high selectivity [16]. Al-Anber et al. studied the sorption
and removal of aqueous Fe** and U(VI) ions using silica gel functionalized with tris(2-
aminoethyl)amine (SG-TAEA-NH:), achieving maximum removal yields of ca. 98% at low
metal concentrations [17,18]. Similarly, amino-functionalized silica gel has been applied for
Fe(I1) removal [19]. Li and Liu modified silica gel with L-glutamic acid, which increased Zn*
removal efficiency from 74% to 91% compared to unmodified silica [20]. Recently,
mesoporous silica functionalized with glycine via a two-step synthesis showed high sorption
capacities for Co(ll) and Ni(lIl) [21].

Glycine was chosen as the functionalizing agent because it combines both an amino (—
NH-) and a carboxyl (-COO") group in a single small molecule, enabling cooperative chelation
of Fe* ions through inner-sphere complexation. Compared to thiol- or simple
amine-functionalized silicas, glycine provides additional oxygen donor atoms that are known
to enhance the binding affinity for hard Lewis acids such as Fe** [14, 22, 23]. Moreover, the
chemical stability of the amide linkage formed during immobilization ensures that the
functional groups remain anchored under the aqueous conditions typical of wastewater
treatment, while the hydrophilic nature of glycine promotes good dispersion of the sorbent.
Unmodified silica gel, in contrast, lacks these specific binding sites and exhibits only weak,
non-selective adsorption [22]. The combination of low cost, environmental friendliness, and
strong metal-binding ability makes glycine-modified silica a promising alternative to
conventional synthetic ion-exchange resins and other functionalized materials.

In our recent work [22], we reported the synthesis, characterization, and XAFS
evidence for Fe*" binding to glycine-functionalized silica gel (SG-Gly-Na"). That study focused
on structural elucidation and confirmed the formation of inner-sphere complexes. The present
work extends that investigation by providing the first comprehensive kinetic, isotherm, and
thermodynamic analysis of Fe** sorption onto SG-Gly-Na'. It systematically evaluates the
effects of pH, temperature, initial concentration, and sorbent dosage, and resolves earlier
inconsistencies (e.g., the correct negative activation energy). Moreover, it reveals temperature-
dependent shifts in isotherm behavior, highlighting the sorbent's multifunctional nature.

Building upon our recent report on the synthesis and characterization of glycine-
functionalized silica gel (SG-Gly-Na*) and the binding environment of Fe** within the matrix
[22], the present work provides a detailed thermodynamic and kinetic analysis of Fe** sorption
onto this material. Thermodynamic parameters are calculated to understand the spontaneity and
nature of the process, while Kkinetic studies elucidate the sorption mechanism and
rate-controlling steps. Both analyses are essential for designing and optimizing bio-functional
sorbents for water treatment applications.

In this study, the sorption capacity and efficiency of SG-Gly-Na* toward Fe*" ions are
evaluated under varying pH, temperature, contact time, and initial concentration. Kinetic data
are fitted to pseudo-first-order, pseudo-second-order, and intra-particle diffusion models.
Equilibrium data are analyzed using the Langmuir and the Freundlich isotherms. The
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adsorption performance of SG-Gly-Na* is compared with that of unmodified silica and other
amino acid-functionalized silica materials reported in the literature. The results provide insight
into the sorption mechanism, supporting the rational design of efficient biofunctional
adsorbents for environmental applications.

2. Materials and Methods

2..1 Reagents.

All chemicals of Fe** ions source (Fe(NOs)s 9H.0, Fluka Chemika, Germany), Sodium
hydroxide (Sigma Aldrich, Germany) were of analytical reagent grade and used directly
without further purification. A stock solution (1000 mg L) of Fe3* ion was prepared by
dissolving a stoichiometric amount of Fe(NO3)3.9H20 in 1000 mL of ultrapure deionized water
(18 Qcm). The standard model solutions of 1-100 mg L™ were prepared by appropriate dilution.

2.2. Instrumentation and analysis.

An Atomic Absorption Spectrophotometer (Varian Spectra AA 55, Perkin-Elmer,
USA) was used to analyze the concentration of the Fe** ions in an aqueous solution. The pH of
all solutions was recorded by a pH meter (Milwaukee Mi 150, Romania). The temperature was
controlled using a temperature controller and an Isothermal shaker (Memmert, Germany). The
analytical balance is used with £ 0.0001 mg (Sartorius, CP324-S/ management system certified
according to 1SO 9001).

2.3. Batch sorption process vs. variable parameters.

The sorption performance of SG-Gly'Na* material toward the Fe®* ion was tested by
using a batch system at specific T = 25°C (x 1°C) with changing in Cj at 1, 5, 10, 25, and 50
mg L; or at specific Cj at 50 mg L™ with changing T at 25, 35, 45, and 55°C. The closed
sorption system containing 2 g L™? SG-Gly'Na* material was shaken vigorously (thermostatic
mechanical shaker at 80 rpm) for up to 180 minutes. Afterward, the supernatant must be filtered
through filter paper (Whatman No. 41). The filtrate can be analyzed. All experiments were
performed in triplicate, and the results are reported as the mean value. The relative standard
deviation (RSD) was < 5% for all measurements, indicating good reproducibility.

The pH of the solution was adjusted using dilute solutions of 0.1 M HCI or 0.1 M
NaOH, measured with a calibrated pH meter (Milwaukee Mi 150, Romania). No buffer was
added to avoid any potential interference from complexing agents or competing cations. The
pH was checked before the addition of the sorbent and, where necessary, readjusted to the
target value (0.1 units) after the sorbent was introduced. For experiments investigating the
effect of pH (Section 3.3), the pH was maintained at the desired value throughout the contact
time by periodic monitoring and, if needed, minor adjustments with the same dilute acid or
base solutions.

2.4. Equilibrium studies.

The amount of the adsorbed Fe®** ion onto the SG-Gly'Na* material at equilibrium and
at a specific time (t) is ge and q: (mg g%); these are calculated by equations 1 and 2, respectively.

Ci—Ce
e =5 ¢
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Where Ci, Ce, and C; are the initial, equilibrium, and final concentrations of Fe3* ions
in the aqueous solution (mg L), respectively. The dosage (S) of SG-Gly"Na* material can be
calculated by equation 3:

§s== 3)

v
Where v and m are the initial volume of Fe3* ion solution and the mass of SG-Gly'Na*
material, respectively.
The percentage removal of Fe®* ions can be calculated by equation 4:
Ci—Ce

% Removal of Fe3* ion = == x100% (4)

3. Results and Discussion
3.1. Parametric investigation of Fe** ion sorption onto glycine-functionalized silica gel.

Recently, the binding environment of Fe** ions within the SG-Gly-Na* matrix has been
established [22]. Based on the reported structural and spectroscopic evidence, confirming
strong inner-sphere coordination through carboxylate groups and Fe—O-Si linkages, the Kinetic
and sorption isotherms are evaluated. Thus, the sorption performance was evaluated under
batch conditions at varying ion concentrations. Wherein, Fe** ions form an inner-sphere SG-
Gly-Fe®*" complex through coordination with fabricated carboxylate and/or amine functional
groups of glycine in the silica gel matrix. From another direction, ion exchanges between Fe**
and Na* ions take place.

The sorption efficiency of SG-Gly—Na* towards Fe** ions is 70% (t = 90 minutes),
compared to 10% unmodified SG-CI material, as shown in Figure 1 [22]. This confirms that
the SG-surface functionalization with glycine facilitates Fe** ion capturing. Wherein, the
carboxylate (—COO") and secondary amine (-NH-) functionalities are the main active sites for
the sorption. It is reported that these functionalities can coordinate easily with Fe** ions through
inner-sphere complexation with a surface-controlled chemisorption mechanism [23]. In
comparison, the SG-CI material has a poor performance due to the lack of these binding groups.
Thus, it relies predominantly on weaker physisorption or non-specific interactions.
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Figure 1. Time-dependent sorption of Fe** ions onto SG-Cl and SG-Gly Na* materials (Ci=100mg L%, T =
25°C, pHi =3, 80 rpm, 2 g L%, 100 — 250 um) [22]. SG-Gly—Na* exhibited significantly higher performance
(=70% removal at 90 min) compared to unmodified silica (~10%), confirming the role of carboxylate and amine
groups in Fe(l11) binding.
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This behavior matches the reported findings of the high affinity and rapid reaction rates
for heavy metal ions using amino acid-modified silica materials [24, 25]. It is noted that
equilibrium was achieved within 90 minutes, indicating saturation of the sorbent's available
binding sites. The analysis follows a pseudo-second-order kinetic model, implying a
chemisorption-controlled process [26]. These studies demonstrate that introducing amino acid
functionalities onto silica surfaces enhances sorption kinetics and binding strength. Both
studies are consistent with the observed sorption performance of SG-Gly—Na* towards Fe3*
ions.

3.2. Influence of initial Fe** concentration on removal efficiency.

Figure 2 shows the effect of the initial concentration of Fe** ions on their sorption over
SG-GlyNa* materials. In which initial concentrations range from 1 to 100 mg. L is used at
constant temperature (25 °C), unadjusted pH (pHi = 3), and a shaking speed of 80 rpm. The
observed results reveal that the percentage removal of Fe®* ions decreases sharply with
increasing initial concentration (Ci). The removal efficiency is 91% through using some diluted
concentrations (1.00 mg L™). Wherein the active sites on the SG-GlyNa* surface are readily
accessible, and there is less competition among ions. This allows for favorable and smooth
diffusion of Fe** ions into the silica gel network. However, as concentrated solutions, a steep
decline in removal efficiency is observed. For example, at 25 mg L™, the removal drops to
about 10%, and this low efficiency remains relatively stable even at higher concentrations up
to 100 mg L. This decline can be attributed to the limited number of active sorption sites on
the SG matrix and the increased competition among Fe** ions. At higher concentrations, the
surface becomes saturated more quickly [27]. Also, general adsorption theory supports that
when the number of adsorption sites is fixed, increasing the metal ion concentration leads to
saturation and lower fractional uptake [28]. A more closely related system using chitosan
functionalized with pyridine similarly demonstrated a plateau in Fe3* uptake at high initial

concentrations, consistent with site saturation [29].
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Figure 2. Influence of initial Fe®* ion concentration on the percentage removal by SG-Gly"Na*. The removal
efficiency decreases sharply with increasing initial concentration, indicating high sorption at low concentrations
and reduced efficiency at higher concentrations (Ci=1-100 mg L%, T=25°C, pHi=3,80rpm,2g L%, t=90
min., particle size =100 — 250 pum).
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It should be noted that the data shown in Figure 2 were obtained under unadjusted,
acidic conditions (pH = 2.8), where proton competition severely limits Fe** binding. In contrast,
the kinetic and isotherm experiments presented in Sections 3.6 — 3.8 were performed under
optimized conditions (pH 5.0 — 7.0, longer contact times, and higher temperatures), where the
material exhibits near-complete removal (>99%) even at initial Fe** concentrations up to
50 mg L™'. Thus, the concentration-dependent trend in Figure 2 reflects performance under
non-optimal conditions and does not conflict with the high removal efficiencies observed under
optimized conditions.

3.3. Influence of pH on Fe** removal efficiency.

The influence of solution pH on the sorption of Fe*" ions onto SG-Gly"Na* was
examined over a pH range of 2 to 11, with experimental conditions maintained at Ci= 100 mg
L1, T =25°C, 80 rpm, adsorbent dose of 2 g L, particle size 100 — 250 pm, and a contact time
of 90 minutes. The percentage removal of Fe** ions is highly dependent on pH, as shown in
Figure 3. At low pH (pH = 2 — 4), the removal efficiency is significantly reduced, reaching 10
— 20 %. In this respect, protons (H*) interfere with Fe** ion binding by occupying exchangeable
Na* sites on the SG-Gly-Na* matrix. Thereby, H* can suppress effective ion exchange or
complexation. As the pH increases toward neutral (pH ~7), the removal efficiency rises sharply.
This pH is considered an optimal condition for Fe3* sorption, achieving a removal of 99 %.
This can also be explained by the idea that proton interference is minimized. Wherein, the
active sites of functional groups of glycine and modified silica gel are more available for
binding with Fe** ions. From another direction, at pH > 7, a slight drop in removal efficiency
is observed, stabilizing around 90%. This reduction is due to precipitation as Fe(OH)a.
Wherein, to distinguish between sorption and precipitation, control experiments without the
sorbent were conducted under identical pH conditions. At pH values above 7, a slight decrease
in Fe** concentration was observed in the blank solutions, which was attributed to the formation
of Fe(OH)s precipitates. The sorption data reported in Figure3 were corrected for this
contribution, ensuring that the measured removal reflects true sorption onto SG-Gly-Na* rather
than hydrolysis products. This behavior matches that reported in similar studies using
functionalized silica materials, such as tris(2-aminoethyl)amine- or glycine-modified silica gels
[18, 22].
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Figure 3. Effect of pH on the sorption of Fe** ions onto SG-GlyNa* (C; = 100 mg L, T = 25°C, 80 rpm,
adsorbent dose =2 g L, particle size = 100-250 um, t = 90 min). Maximum removal of ~ 99% is observed at
pH = 7, with lower efficiency at acidic pH.
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3.4. Influence of temperature on Fe** removal efficiency.

In this target, the experiments are conducted at temperatures ranging from 25 to 55 °C.
The other parameters are kept constant for pH = 6.0, 80 rpm, 2 g L! adsorbent dose, particle
size 100-250 um, and with two trials of constant initial Fe** concentrations of 1 mg L or 50
mg L'. Figure 4 illustrates the results showing the percentage removal of Fe** ions that
increases steadily with temperature, rising from 82% at 25 °C to 99% at 55 °C for the low initial
concentration (1 mg L™"). This means that higher temperatures can enhance the mobility and
interaction of Fe** ions onto SG-Gly-Na* surface in diluted solution. wherein, it is known that
higher thermal energy improves ion mobility/diffusion into active sites such as sorption of Fe3*,
Fe?*, Ca?*, and Zn?** on manganese dioxide-modified green biochar [30]. In contrast, the
removal efficiency remains consistently high ~100% across all temperatures at the higher initial
concentration (50 mg L'). This indicates that no influence on the rising temperature. In this
case, the sorption sites on the SG-Gly~Na* matrix are fully utilized, even at room temperature,
when Fe*" concentration is sufficiently high. The high efficiency of the SG-Gly"Na* and the
energy-saving option (99 % at 25 °C) make it an effective material for catching iron ions,
especially in large-scale applications where heating may not be feasible.
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Figure 4. Effect of temperature on the sorption of Fe** ions onto SG-Gly"Na* at two initial concentrations (Ci =
1 and 50 mg L), with T = 25-55 °C, 80 rpm, pH = 6, adsorbent dose =2 g L%, t =90 min, and particle size =
100-250 pm.

3.5. Influence of dosage on Fe** ion removal.

To investigate the influence of adsorbent dosage on the removal efficiency of SG-
GlyNa*, different dosages are used, ranging from 1 to 10 g L%, as shown in Figure 5. The
obtained results reveal a significant increase in Fe** ion removal with increasing adsorbent
dosage. It shows a steep increase in removal efficiency at lower dosages (1-5 g L™). This
indicates that the SG-Gly"Na* material has a high sorption capacity and rapid uptake behavior.
Wherein, as the dosage increases, more active sites become available for ion exchange and
complexation with Fe** ions, leading to more efficient removal from the solution. The
maximum removal efficiency (~ 100%) is achieved at a dosage of 10 g. L%, at which the matrix
becomes fully loaded. The fast response to dosage changes suggests that SG-Gly Na* possesses
a strong affinity for Fe** ions, which is supported by the study of the removal of iron(111) ions
using pyridine-modified chitosan [29, 31].
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Figure 5. Effect of SG-GlyNa* dosage on the percentage removal of Fe** ions from aqueous solution (t = 90
min, T =25 °C, pH =5.0, 80 rpm, C; = 100 mg L™}).

3.6. Sorption kinetics of Fe** ions onto SG-GlyNa*.

To investigate sorption Kinetics, the effect of contact time was studied at different
temperatures (25, 35, 45, and 55°C) with C; = 50 mg L™ and pH = 5.0, as shown in Figure 6.
Across all temperatures, the removal rate of Fe** ions is initially rapid within the early stages
of contact. This behavior is attributed to the availability of the primarily carboxylate and amine
functional groups on the SG-Gly'Na* surface, which facilitates strong coordination with Fe**
ions. The equilibrium is reached after 90 minutes, with 90% removal, and maximum removal
of ca. 99% within 120 minutes at 55°C. The improved sorption efficiency at elevated
temperatures supports the suggestion that the sorption process is endothermic. This Kinetic
behavior is consistent with previous studies demonstrating rapid Fe3* adsorption and
equilibrium within 2 — 3 hours using modified silica gel materials [32], highlighting that the
SG-GlyNa* material offers rapid and efficient Fe3* removal, making it highly suitable for
practical applications in water treatment where quick response and high performance are
essential.
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Figure 6. Effect of contact time and temperature on the sorption of Fe®* ions onto SG-GlyNa* (C; =50 mg L,
T =25-55°C, pH =5.0, 80 rpm, 2 g L adsorbent dose, particle size = 100 — 250 um). Rapid initial sorption
occurs within 90 minutes, achieving up to 99% removal.

3.7. Kinetic modeling of Fe** sorption onto SG-Gly—Na".

To understand the mechanism of Fe** sorption onto the SG-GlyNa* material and to
analyze the sorption behavior, three widely accepted kinetic models were applied, such as the
https://biointerfaceresearch.com/ 8 of 18
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Pseudo-first-order model (Lagergren), Pseudo-second-order model, and Elovich equation.
These models were used in their linearized forms to determine the best fit to the experimental
data. The best-fitting model can reveal the nature of the interaction between Fe* ions and the
SG-GlyNa* adsorbent.

The pseudo-first-order model, originally proposed by Lagergren, assumes that the rate
of occupancy of adsorption sites is proportional to the number of unoccupied sites. The model
is expressed in differential and integrated forms as follows [33].

dq
@ ki(qe — q¢) ©)
In(qe — q¢) = Inge — kqt (6)

Where, ge and g: (mg gt) are the amounts of sorbed Fe3* ion at equilibrium and at any
time (t), respectively, ki (min?) is the pseudo-first-order rate constant, and t (minutes) is the
contact time.

The pseudo-second-order model assumes that the sorption process follows second-
order chemisorption, involving valence forces through the sharing or exchange of electrons
between the sorbent and the sorbate. It is more suitable for systems where chemisorption is the
rate-limiting step. This model is expressed by equations 7 and 8 [34], which are considered for
the sorption of metal ions into a solid matrix from the liquid solution:

2 = ky(qe — 0)? (7)
dt
t 1 t

+—- (8)

ac k202 de

Where: k: is the rate constant of the pseudo-second-order kinetic model (g mg™* min™).
The plot of t/qg; versus t gives a straight line with slope 1/ge and an intercept of 1/(k2qe?). Figure
7 presents the pseudo-second-order kinetic model for the sorption of Fe®" ions onto SG-
Gly~Na* at different temperatures ranging from 25°C to 55°C. The experimental conditions
include Initial Fe** concentration (Ci) = 50 mg L', pH = 5.0, Agitation speed = 80 rpm, dose
=2 g L, Particle size = 100 — 250 um. The plots of t/g: vs. t show strong linearity at all
temperatures, supporting the applicability of the pseudo-second-order kinetic model (R? >
0.9916).

40

y =0.2025x + 1.6291 .-y
35 AT=45C OT=55C ©T=25C OT=35C R?=0.9916

t/qt

y = 0.0866x + 0.5439
R? = 0.996
5 > @

o
.. Y= 0.0508x +0.4721
10 a ® - R? = 0.9929...-*O

5 o g s e
s g gggg e : y = 0.0386x + 0.2698
0 uag;z}@:::- e R?=0.9971

0

w
o

100 150 200

t, min
Figure 7. Kinetic plots of the pseudo-second-order model for the sorption of Fe** ions onto SG-GlyNa* at
various temperatures (Ci =50 mg L', pH = 5.0, 80 rpm, T = 25 - 55 °C, adsorbent dose =2 g L1, particle size =
100 — 250 um). Data were fitted to a pseudo-second-order model to elucidate the mechanism of sorption.
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The slopes of the lines decrease with rising temperature, reflecting an increase in the
equilibrium capacity (ge) at higher temperatures. The calculated rate constant k- decreases with
temperature, as confirmed by the Arrhenius analysis (Ea = — 43.43 kJ mol ™). This behavior is
often associated with diffusion-controlled processes or a change in the rate-limiting step at
elevated temperatures. Higher temperatures increase sorption capacity, indicating the
endothermic nature of the sorption process. These observations are consistent with the pseudo-
second-order model, which provides a good fit to the data. However, the negative activation
energy suggests that a simple chemisorption mechanism does not govern the process under the
conditions studied. These observations are consistent with previous studies reporting that the
pseudo-second-order model accurately describes Fe** sorption Kkinetics and reflects
chemisorption as the rate-controlling step [32, 34].

Table 1 provides a comprehensive summary of the pseudo-second-order kinetic
parameters for the sorption of Fe3* ions onto the SG-GlyNa* adsorbent at varying temperatures
(25-55°C). The parameters include: (i) Coefficient of determination (R?), which measures how
well the model fits the data, (ii) Chi-square error (x2), which indicates deviation between
experimental and model-predicted values, (iii) Calculated and experimental sorption capacities
(Qe, catc and Qe,exp), and (iv) Pseudo-second-order rate constant (k2). All R2 values are very high
(>0.99), confirming that the pseudo-second-order model accurately fits the experimental
kinetic data across all temperatures. The > values are low (0.016 — 0.045), supporting a good
agreement between calculated and experimental ge values. Similar findings have been reported
in Fe3* adsorption studies, where the pseudo-second-order model showed high correlation and
strong agreement between g., caic and geexp, cONfirming chemisorption behavior driven by
valence forces such as surface complexation or ion exchange [35]. The best model agreement
(lowest y2: 0.0164) is observed at 35°C, suggesting this is the most favorable temperature in
terms of both sorption efficiency and model predictability. The experimental sorption capacity
Ue, exp iNCreases with temperature from 4.85 mg g at 25°C to 24.95 mg g* at 45°C, indicating
that the sorption is endothermic in nature. Comparable temperature-dependent increases in
sorption capacity for Fe3* have been reported in other adsorbent systems, where positive
enthalpy changes (AH® > 0) confirmed endothermic adsorption behavior [36]. A slight decrease
in capacity (ge) is observed at 55°C (18.81 mg.gl). This may be attributed to a partial
weakening of the Fe*—ligand bonds at higher temperatures, leading to a marginally lower
equilibrium loading, or to minor conformational changes in the glycine layer that reduce the
number of accessible binding sites. To confirm the structural integrity of the sorbent, desorption
experiments were performed at 55°C using 0.1 M HCI, which showed that > 95% of the sorbed
Fe** could be recovered, indicating that the sorbent remains stable and the process is reversible.
The reaction trend remains endothermic up to 45°C, while the slight decrease at 55°C suggests
an optimal temperature range for practical application. The k> shows a decreasing trend with
increasing temperature, from 0.0252 g-mg™*-min* at 25°C to ~ 0.0055 g-mg™*-min at 55°C.
This suggests that while sorption capacity increases with temperature, the sorption rate slows,
likely because the system approaches equilibrium more gradually at higher temperatures.

The data imply that the sorption process is chemisorption, as expected for pseudo-
second-order kinetics, involving valence forces (e.g., ion exchange or surface complexation).
The optimal temperature ranges for Fe** removal appear to be between 35°C and 45°C,
balancing high capacity and acceptable kinetics. The decreasing ko with increasing temperature
suggests that sorption becomes more capacity-dominated rather than rate-limited at higher
temperatures.
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Table 1. Pseudo-second order parameters of sorption of Fe** ions into SG-Gly Na* material using a
temperature-controlled.

T (°C) k2 (g mg* min?) e, Exp (Mg g ) Qe, calc (Mg g1) X2 R2
25 0.025171 48511 4938272 0.017652 0.9916
35 0.013788 11.35743 11.54734 0.016447 0.9960
45 0.005522 24.95072 25.90674 0.036902 0.9971
55 0.005466 18.805 19.68504 0.044706 0.9929

Gcal — Gex
x2= 1L "FP
9cal

Figure 8 is a linearized Arrhenius plot, which relates the pseudo-second-order rate
constant (ko) to temperature. It's used to estimate the activation energy (Ea) of the sorption
process. The linear form of the Arrhenius equation is [37]:

Ink, = == () + In4 9)

Where: ko: pseudo-second-order rate constant (g mg ' min!); T: temperature in Kelvin;
R: universal gas constant (8.314 J mol! K!); Ea: activation energy (Jmol™); In A: intercept
related to the frequency factor.

Figure 8 shows the Arrhenius model, with a strong correlation (R2 = 0.9643). Wherein
the model fits the data well and indicates that temperature strongly influences the sorption rate.
The calculated Activation Energy (E.) is — 43.43 kJ/mol. The negative activation energy
indicates that the rate constant k. decreases with increasing temperature, consistent with the
kinetic data in Fig. 7. Such behavior is often associated with diffusion-controlled processes or
a change in the rate-limiting step at higher temperatures. These findings suggest that Fe**
sorption onto SG-Gly-Na* is not governed by a simple chemisorption mechanism under the
studied conditions, and that mass transport phenomena likely play a significant role.

0
0.003  0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0p34

-1

Lnk,

y =5223.5x-21.25

R*=0.9643

UT, K1

Figure 8. Arrhenius plot for the pseudo-second-order rate constant (kz) of Fe3* sorption onto SG-Gly Na* at
different temperatures. The linear relationship between Ink, and 1/T indicates temperature-dependent sorption
kinetics. The calculated activation energy (E.) is — 43.43 kJ mol™, indicating that k, decreases with increasing

temperature, which is consistent with a diffusion-controlled process or a change in the rate-limiting step at

higher temperatures rather than a simple chemisorption mechanism.

Figure 9 shows the kinetic plots of the pseudo-second-order model for the sorption of
Fe3* ions onto SG-GlyNa* for various initial concentrations (Ci) ranging from 1 to 50 mg L.
At all concentrations, the initial stage of sorption (0 — 20 minutes) shows a steep increase in
removal efficiency, especially for lower concentrations (1-20 mg L™*). This rapid uptake is
attributed to a high concentration gradient between Fe** ions and available carboxylate and
amine functional groups on SG-Gly Na*. Furthermore, the strong interactions and
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complexation between Fe** and functional groups in the SG-Gly"Na* matrix. Wherein, the
sorption of Fe** onto SG-Gly-Na* was rapid during the initial stages, with equilibrium attained
within 20 min for all initial concentrations studied (1-50 mg L™'). Therefore, a contact time of
20 min was selected for isotherm experiments to ensure equilibrium conditions. At low C; (1-
20 mg L), near-complete removal, ca. 100 %, is achieved rapidly, within 30-50 minutes. This
is due to an excess of active binding sites relative to available Fe** ions. At high Ci (50 mg L 1),
the removal efficiency increases more slowly, reaching ~ 90% at 50 minutes, and approaching
~ 99% after 120 minutes. This delay is due to increased competition for binding sites and
possible saturation effects at higher ion concentrations. The equilibrium is generally reached
after ~50 minutes for low concentrations and ~120 minutes for higher concentrations. The
plateau phase beyond this point indicates saturation of adsorption sites and equilibrium
sorption. Combined with the earlier pseudo-second-order kinetic modeling (Figures 10 and
Table 3), this data strongly supports Pseudo-second-order Kinetics, as indicated by higher R2
values than for the pseudo-first-order model. This model assumes that chemisorption is the
rate-limiting step, consistent with the observed behavior, suggesting electron sharing or
exchange between Fe** and functional groups on SG-Gly Na*. The observed trends are
consistent with previously reported studies [27, 38], where Fe** sorption followed pseudo-
second-order kinetics and showed strong dependence on Ci, with chemisorption being the
dominant mechanism.

120

100 gggggﬂﬂw,g T — a

80 | of o B

60 go i-1mgl-1

©Ci=5mgl-1

% Removal Fe3*ion
£
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=]
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x ACi=10mglL-1

20 | X 0Ci=20mgL-1

X Ci=50mgL-1
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Figure 9. Effect of initial Fe®* ion concentration (Ci = 1-50 mg L") on the percent removal over time by SG-
Gly'Na*. Experimental conditions: T = 25 °C, pH = 5.0, adsorbent dose = 2 g L™, particle size = 100-250 pm,
80 rpm. Faster removal is observed at lower concentrations (>99%), with equilibrium achieved within 90
minutes.

Combined with the findings from earlier pseudo-second-order kinetic modeling
(Figures 10 and Table 2), this data strongly supports Pseudo-second-order Kinetics, as indicated
by higher R? values (R? > 0.9273) compared to the pseudo-first-order model. Most R? values
are > 0.99, further supporting a chemisorption-based mechanism. This behavior is consistent
with previous studies: for example, adsorption of Fe** onto a thiourea-crosslinked chitosan
template followed pseudo-second-order Kinetics, with a better fit than pseudo-first-order
kinetics, and reached equilibrium within approximately 60 min [39].

As Ci increases, the slope of the line decreases. At 1 mg L', steep slope, high t/q: —
low sorption capacity. While at 50 mg L', Shallow slope, low t/g: — high sorption capacity.
This reflects that at higher initial concentrations, more Fe** is available to occupy the sorption
sites, increasing the equilibrium capacity ge. We observe that ge increases with Ci, confirming
that SG-GlyNa" has sufficient capacity to handle higher Fe** loads. ko tends to decrease with
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increasing Ci, likely due to greater competition among Fe** ions for available active sites,
slowing down individual adsorption events. The strong fit to the pseudo-second-order model
and the concentration dependence of ge are indicative of a chemisorption mechanism, involving
electron sharing or exchange between Fe** ions and the amine/carboxylate functional groups
in SG-Gly Na". This supports the hypothesis that the process is chemical rather than purely
physical adsorption.

400
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Figure 10. Pseudo-second-order kinetic plots (t/q. vs. t) for the sorption of Fe** ions onto SG-Gly Na* at varying
initial concentrations (Ci = 1 — 50 mg L™"). Experimental conditions: T = 25°C, pH = 5.0, adsorbent dose = 2
g L', particle size = 100-250 pm, agitation speed = 80 rpm.

3.8. Sorption isotherm of Fe’* on SG-Gly Na".

The equilibrium sorption data at 45 °C were analyzed using the Langmuir [40] and the
Freundlich [41] isotherm models. All data points were obtained from initial Fe** concentrations
of 1-50 mg L' under the following conditions: pH = 5.0, contact time = 90 min, adsorbent dose
=2 gL', agitation speed = 80 rpm, and particle size = 100-250 pm.

The Langmuir model assumes monolayer coverage of Fe** ions on homogeneous sites
of SG-Gly-Na* at 45°C, combining all initial concentrations (1 — 50mgL™), using the
equation:

Ce 1 1

Ce +——C, (10)

de Amaxb dmax

Where g4y is the maximum capturing of Fe*" ions per unit dosage of SG-Gly-Na*
composite (mg g1), and b is the Langmuir constant (L g*), which is exponentially related to
the heat of adsorption and the affinity of binding sites. A plot of Ce/ge vs. Ce (Figure 11) gives
a poor linear fit (R? = 0.356), indicating that the sorption at 45°C does not follow ideal
monolayer behavior. The calculated Langmuir parameters from the regression are Qmax =
61.35mgg"and b =0.014 L mg, but the low R? value makes these parameters unreliable.

The equilibrium sorption data at 25, 35, 45, and 55°C were analyzed using the
Freundlich isotherm model; representative results at 45°C are shown in Figure 12, using the
equation:

Ing, =InK; +(>)InC, (11)

where Ke (mg g * (L mg )¥" is the Freundlich constant related to sorption capacity,

and n is an empirical constant related to sorption intensity (favorability). The linearized plot of
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Inge vs. InC (Figure 12) exhibits excellent linearity (R? = 0.9935) with the regression equation
Inge = 0.8264InC. + 5.8695. The n = 1.21 > 1 indicates favorable adsorption, and the intercept
gives Ke = 354 mg g (L mg™")'/~. The high R? value confirms that the Freundlich model
accurately describes the equilibrium at 45°C, suggesting that the sorption involves multilayer
interactions on a heterogeneous surface. These results are consistent with the sorption of metal
ions into amine-functionalized silica [18], amino-functionalized cross-linked chitosan [42],
amino-functionalized mesoporous silica [43], and tris(2-aminoethyl)amine moiety
functionalized silica gel [17]. Wherein, higher temperatures enhance diffusion and promote
multilayer interactions on heterogeneous surfaces [44].

0.0025
y=0.0163x +0.0011
0.002 o R?=0.356
0.0015 | e .
o T e
[
S
I
=] (o]
0.001 O
0.0005
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Ce

Figure 11. Linearized Langmuir isotherm plot (Ce/qe vs. Ce¢) for the sorption of Fe** onto SG-Gly-Na* at 45°C.
Data points were obtained from experiments with initial Fe** concentrations ranging from 1 to 50 mg L.
Experimental conditions: pH = 5.0, contact time = 90 min, adsorbent dose = 2 g L', agitation speed = 80 rpm,
particle size = 100-250 um.

yv=0.8264x +5.8695 O
3 R2=10.9935

Lng.

Figure 12. Linearized Freundlich isotherm plot (Ln ge vs. Ln Ce) for the sorption of Fe** onto SG-Gly Na* at
45°C. Data points were obtained from experiments with initial Fe** concentrations ranging from 1 to 50 mg L.
Experimental conditions: pH = 5.0, contact time = 90 min, adsorbent dose = 2 g L', agitation speed = 80 rpm,
particle size = 100-250 pm.

4. Conclusion

Glycine-functionalized silica gel (SG-Gly-Na*) demonstrates high efficiency and
strong affinity for Fe** ions under the studied conditions. Sorption behavior depends on initial
concentration, sorbent dosage, pH, and temperature. Maximum removal efficiency (ca. 99%)
is achieved near neutral pH = 7, where proton competition is minimized; lower efficiencies at
acidic pH and slight declines at alkaline pH are attributed to proton interference and Fe(OH)s
precipitation, respectively. Sorption kinetics follow the pseudo-second-order model (R? >
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0.99), which is often associated with chemisorption. However, the negative activation energy
(E. = —43.43 kJ mol ™) indicates that the rate constant decreases with increasing temperature,
pointing to a diffusion-influenced process or a change in the rate-limiting step at elevated
temperatures. Equilibrium data at 25°C fit the Langmuir isotherm well (R2~ 0.998), suggesting
monolayer adsorption on homogeneous binding sites. At higher temperatures (35-55°C), the
Freundlich model becomes statistically acceptable (R? > 0.947), indicating that additional
contributions from heterogeneous surface interactions or multilayer adsorption become
detectable. Our finding, SG-Gly'Na* exhibits rapid kinetics, favorable equilibrium behavior,
and good sorption capacity for Fe** removal under optimized conditions. These findings
support its further development as a functional sorbent for aqueous iron remediation. However,
additional studies involving competitive ions and real-water matrices would be necessary to
assess its practical applicability.
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