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Abstract

Toxic metal contamination in aquatic systems commonly occurs as multicomponent mix-
tures, making competitive adsorption assessment essential for realistic adsorbent evalu-
ation. This study investigated corn stalk-derived hydrochar functionalized with Mg-Fe
layered double hydroxide (Mg—Fe-LDH@HC) for simultaneous Cd(Il) and Zn(II) adsorption
in aqueous bicomponent systems. The material was evaluated through pH and dosage op-
timization, kinetic assays, bicomponent equilibrium modeling, thermodynamic assessment,
mixture-design experiments, regeneration tests, and applicability assays with interfering
ions and real water matrices. Under the selected conditions, pH 6.75, 4 g L~! Mg-Fe-
LDH@HC, 1 mM equimolar Cd(Il)/Zn(II), 298.15 K, and 180 min, near-complete removal
of both metals was achieved. Kinetic analysis showed rapid initial uptake followed by a
slower approach to equilibrium. Bangham, Elovich, and Weber-Morris analyses supported
a multistage adsorption process involving external surface uptake, diffusion-related resis-
tance, and heterogeneous surface interactions, although intraparticle diffusion was not the
sole rate-controlling step. Bicomponent equilibrium was better described by heterogeneous

T —— models, particularly the double-layer model and Extended Sips, indicating non-equivalent

adsorption domains. Thermodynamic parameters showed favorable and mildly endother-
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1. Introduction

Toxic metal ion contamination in aquatic environments remains a persistent concern
because dissolved metal species are non-biodegradable, can remain mobile under changing
physicochemical conditions, and may accumulate through food chains [1,2]. Industrial
activities associated with mining, smelting, electroplating, metallurgy, battery production,
and agroindustrial processing frequently discharge effluents containing multiple metal
species rather than isolated contaminants [3,4]. Among these pollutants, Cd(Il) is partic-
ularly critical because it is a non-essential element with recognized toxicity even at low
concentrations, whereas Zn(II), although an essential micronutrient, may become harmful
when present above acceptable environmental levels. The Cd(II)/Zn(II) system was se-
lected because both ions may coexist in industrial and agroindustrial aqueous matrices and
because Zn(Il), as a common divalent coexisting metal, can interfere with the retention of
more toxic trace metals such as Cd(II). From a mechanistic perspective, this binary system is
also relevant because Cd(II) and Zn(II) share the same formal charge but differ in hydrated
ionic radius, hydration behavior, hydrolysis tendency, and affinity toward oxygenated
or hydroxylated adsorption sites. Therefore, their coexistence in aqueous matrices pro-
vides a suitable model to evaluate competitive adsorption and selectivity on engineered
sorbents [5,6].

Metal removal has been addressed using precipitation, coagulation-flocculation, ion
exchange, electrochemical processes, membrane filtration, reverse osmosis, and adsorp-
tion [7,8]. Although these technologies can reduce dissolved metal concentrations, their
application may be constrained by chemical consumption, secondary sludge generation,
energy demand, or reduced selectivity in complex matrices [7,9]. Adsorption is therefore
considered a practical alternative because it is operationally simple, adaptable to different
concentration ranges, and compatible with sorbents obtained from residual biomass [10].
However, adsorption efficiency depends strongly on surface charge, porosity, functional
group density, mineral phases, active-site accessibility, and affinity toward competing
ions [11].

Hydrochar (HC), obtained through hydrothermal carbonization of lignocellulosic
residues, is an attractive carbonaceous platform for water remediation because the aqueous
conversion pathway can preserve oxygen-containing functionalities involved in metal
binding [12,13]. Nevertheless, pristine HC commonly requires surface modification to
improve adsorption capacity, selectivity, active-site density, and separation behavior in
aqueous systems [12]. Hybrid HC-based materials are therefore relevant because they can
combine the structural contribution of a biomass-derived matrix with inorganic phases that
provide more chemically specific adsorption domains [13].

Layered double hydroxides (LDHs) are hydrotalcite-like materials composed of posi-
tively charged metal hydroxide layers and charge-compensating interlayer anions, which
gives them tunable composition, hydroxyl-rich lamellae, and ion-exchange ability [7,8].
These features can contribute to metal retention through surface complexation, electrostatic
interactions, ion exchange, and precipitation-related pathways [9]. However, pristine LDH
particles may undergo aggregation and compact layer stacking, which limits active-site
accessibility and practical performance as dispersed powder adsorbents [7]. Integrating
LDHs with carbonaceous supports can improve particle dispersion, facilitate mass transfer,
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and generate hybrid interfaces where oxygenated groups and hydroxylated lamellae may
jointly contribute to metal retention [14,15].

Competitive adsorption cannot be fully interpreted from single-metal systems be-
cause the adsorption of each ion may depend on hydrated ionic radius, electronegativity,
hydrolysis tendency, mass-to-charge ratio, and affinity toward oxygenated or hydroxy-
lated sites [5,12]. In multicomponent solutions, one metal ion may alter the availability
or reactivity of adsorption domains for another, affecting both adsorption capacity and
selectivity [16,17]. Recent studies confirm that LDH-functionalized hydrochar and biochar
adsorbents are increasingly used for toxic metal remediation, including LDH /hydrochar
and LDH/biochar systems applied to monometallic and multicomponent metal matri-
ces [18-21]. In this context, the use of Mg—Fe-LDH@HC is relevant because HC provides
biomass-derived support with oxygenated surface groups, while the Mg-Fe-LDH phase
provides hydroxylated sheets, metal-associated surface domains, and interlaminar regions
that can enhance metal retention. Thus, the hybrid structure can offer more diverse adsorp-
tion environments than pristine HC or LDH not supported separately.

Although LDH-carbonaceous materials have been investigated for several metal
combinations, including systems involving highly toxic metals such as Pb(II) and Cd(I), the
specific competition between Cd(Il) and Zn(Il) on Mg-Fe-LDH-functionalized HC remains
insufficiently clarified [22-24]. This gap is relevant because the Cd(II)/Zn(Il) pair does not
simply represent the simultaneous removal of two divalent ions, but rather a competitive
system involving a highly toxic non-essential element and an essential micronutrient that
may act as a major coexisting interferent. Compared with Pb(II) /Cd(II) systems, where
Pb(II) may dominate adsorption due to its strong affinity for oxygenated and mineral
surface domains, Cd(Il) / Zn(II) competition allows a more specific evaluation of how subtle
differences between divalent cations affect site occupation, adsorption selectivity, and
metal-ratio-dependent removal in LDH-functionalized hydrochar.

Therefore, this study evaluates a corn stalk-derived HC functionalized with Mg-Fe
layered double hydroxide (Mg-Fe-LDH@HC) for Cd(II) and Zn(II) adsorption in aqueous
bicomponent systems. The HC matrix provides a biomass-derived carbonaceous support,
whereas Mg—Fe-LDH functionalization is expected to introduce hydroxylated lamellar do-
mains, Mg/Fe-associated active sites, and carbonate-containing regions that may contribute
to metal retention. The main contribution of this work is not limited to the preparation of
a hydrochar-LDH hybrid, but to the systematic assessment of Cd(Il) /Zn(II) competitive
adsorption through pH and dosage effects, kinetic and multicomponent equilibrium model-
ing, mixture-design analysis at variable Cd(II)/Zn(Il) ratios, and mechanistic interpretation.
This approach aims to clarify how Mg-Fe-LDH functionalization modifies HC performance
and selectivity toward divalent metal ions under competitive aqueous conditions.

2. Materials and Methods
2.1. Materials and Reagents

Corn stalk biomass was collected from a local crop in Manabi, Ecuador. Magnesium
chloride hexahydrate [MgCl,-6H,O, CAS No. 7791-18-6], iron(III) chloride hexahydrate
[FeCl3-6H,O, CAS No. 10025-77-1], cadmium nitrate tetrahydrate [Cd(NO3)2-4H,0, CAS
No. 10022-68-1], zinc nitrate hexahydrate [Zn(NO3),-6H,O, CAS No. 10196-18-6], hy-
drochloric acid [HCI, CAS No. 7647-01-0], and sodium chloride [NaCl, CAS No. 7647-14-5]
were supplied by LOBA CHEMIE PVT. LTD., Mumbai, India.

Sodium hydroxide [NaOH, CAS No. 1310-73-2] was purchased from EMSURE (Darm-
stadt, Germany), whereas sodium carbonate [Na,CO3, CAS No. 497-19-8] was obtained
from ]J.T. Baker (Phillipsburg, NJ, USA). Ultrapure water [H,O, CAS No. 7732-18-5; resis-
tivity: 18.2 M()-cm] was obtained using a Thermo Scientific Barnstead EasyPure water
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purification system (Thermo Fisher Scientific, Waltham, MA, USA). All reagents were of
analytical grade and used without further purification.

2.2. Preparation of HC, Mg—Fe-LDH, and Mg—Fe-LDH@HC

The preparation of HC, Mg-Fe-LDH, and Mg-Fe-LDH@HC was carried out following
the procedure previously reported in the literature [25], using corn stalk biomass as the
lignocellulosic precursor. Prior to hydrothermal carbonization, the biomass was naturally
dried for 24 h and milled to a particle size of approximately 250 um. Then, 17.12 g of the
prepared biomass and 150 mL of ultrapure water were transferred into a 200 mL Teflon-
lined stainless-steel reactor. The reactor was sealed and heated at 190 °C for 24 h. After
cooling to room temperature, the solid fraction was recovered, washed with ultrapure
water, and dried at 80 °C for 24 h. The obtained material was labeled as HC.

Mg-Fe-LDH@HC was synthesized by alkaline coprecipitation in the presence of HC.
Briefly, 1.55 g of HC was dispersed in 90 mL of distilled water under magnetic stirring at
400 rpm for 60 min. Subsequently, 2.5 g of MgCl,-6H,O and 1.1 g of FeCl3-6H,O were added
to the suspension as Mg(Il) and Fe(Ill) precursors, respectively. The mixture was stirred for
an additional 30 min to promote precursor dispersion. The pH was then adjusted to 9-10
by dropwise addition of an alkaline solution containing NaOH and NayCOj3, favoring the
coprecipitation of the Mg-Fe-LDH phase onto the HC surface. The resulting suspension was
centrifuged at 5000 rpm for 5 min, and the recovered solid was washed with ultrapure water
and dried at 80 °C for 24 h. The final hybrid material was labeled as Mg—Fe-LDH@HC.

For comparison, Mg-Fe-LDH was synthesized using the same coprecipitation pro-
cedure but in the absence of HC. This control material was prepared to distinguish the
contribution of the inorganic LDH phase from that of the HC-supported hybrid. The
schematic representation of the synthesis route for HC, Mg-Fe-LDH, and Mg-Fe-LDH@HC
is shown in Figure 1.
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Figure 1. Schematic representation of the synthesis process for HC, Mg-Fe-LDH, and Mg-Fe-

LDH@HC.
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2.3. Characterization of HC, Mg—Fe-LDH and Mg-Fe-LDH@HC

The HC, Mg-Fe-LDH, and Mg-Fe-LDH@HC materials used in this work corresponded
to the same hybrid system previously synthesized and characterized by our research group.
Therefore, the structural, morphological, textural, and surface properties of the materials
were described based on previously reported characterization data obtained for the same
material system [26].

The characterization considered scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), transmission electron microscopy (TEM), Brunauer-Emmett-
Teller surface area analysis (BET), X-ray photoelectron spectroscopy (XPS), thermogravi-
metric analysis (TGA), and pH at the point of zero charge (pHpzc). The pHpzc of Mg—Fe-
LDH@HC was determined by the pH drift method. To do this, ultrapure water solutions
were adjusted to initial pH values between 2 and 10 using dilute HCl or NaOH solutions.
Then, 20 mg of Mg-Fe-LDH@HC was added to 20 mL of each solution, corresponding to
a solid/liquid ratio of 1 g L~!. The suspensions were stirred at room temperature until
equilibrium was reached, after which the final pH was measured. The pHpzc was obtained
from the graph of ApH = initial pH — final pH as a function of the initial pH and was
identified as the point where ApH = 0.

SEM-EDS was used to evaluate the morphology and elemental distribution of the HC
support, the Mg-Fe-LDH phase, and the Mg-Fe-LDH@HC hybrid. XRD was considered
to assess the coexistence of the carbonaceous HC matrix and the hydrotalcite-like Mg—Fe-
LDH structure. FTIR was used to identify the main surface functional groups associated
with oxygenated HC domains, hydroxylated LDH layers, carbonate species, and metal-
oxygen vibrations. Additional characterizations by BET, XPS, and TGA were used as
complementary evidence of the dispersion of the LDH phase over the HC surface, the
textural properties of the hybrid, the chemical interaction between oxygenated HC groups
and Mg/Fe species, and the thermal stability of the material. These characterization data
were not treated as new measurements generated in the present study. Instead, they were
used to support the interpretation of Cd(Il) and Zn(II) adsorption on Mg-Fe-LDH@HC.

2.4. Adsorption Experiments and Cd(11)/Zn(II) Quantification

Batch adsorption experiments were performed to assess the simultaneous adsorption
of Cd(II) and Zn(II) onto Mg-Fe-LDH@HC under aqueous bicomponent conditions. The
experimental design included pH evaluation, adsorbent dosage optimization, kinetic assays,
bicomponent equilibrium studies, and competitive adsorption tests conducted at different
Cd(II)/Zn(1l) ratios and temperatures.

All adsorption experiments were performed in Erlenmeyer flasks containing 50 mL of
Cd(II)/Zn(II) aqueous solution under constant agitation at 300 rpm. The effect of solution
pH was first evaluated because pH controls both the surface charge of Mg-Fe-LDH@HC
and the aqueous speciation of Cd(I) and Zn(Il). Initial pH values of 2, 4, 6, and 6.75 were
adjusted using 0.1 mol L~! HCl or 0.1 mol L~! NaOH and measured with a Fisher Scientific
Accumet AB150 benchtop pH meter (Thermo Fisher Scientific, Waltham, MA, USA). The
selected pH range was established considering the pH at the pHpzc of Mg—-Fe-LDH@HC
and the precipitation tendency of Cd(II) and Zn(Il), to reduce the contribution of metal
hydroxide precipitation and better isolate the adsorption process. After 180 min of contact
at 298.15 K and 300 rpm, the suspensions were separated from the solid phase, and the
residual metal concentrations were quantified. Based on this evaluation, pH 6.75 was
selected for the subsequent adsorption assays.

The adsorbent dosage study was then conducted at pH 6.75, 298.15 K, and 300 rpm for
180 min using an equimolar bicomponent solution of 1 mM, corresponding to 66.56 mg L~
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Zn(Il) and 111.8 mg L1 Cd(II). Mg-Fe-LDH@HC masses of 0.001, 0.005, 0.01, 0.02, 0.04,
0.08,0.12, 0.16, and 0.2 g were evaluated to determine the adsorbent amount required to
maximize metal removal while maintaining an adequate adsorption capacity.

Kinetic adsorption experiments were performed at the selected pH and adsorbent
dosage using equimolar Cd(II)/Zn(II) solutions with initial concentrations of 0.25, 0.5,
0.75,1,1.25 and 1.5 mM. Samples were collected at predetermined contact times of 0, 1,
5, 10, 20, 40, 60, 90, 120, and 180 min. The residual concentrations of Cd(Il) and Zn(II)
were determined at each sampling time, and the experimental data were subsequently
used for kinetic modeling. The adsorption kinetic data were analyzed using mathematical
models commonly applied to solid-liquid adsorption systems. The kinetic profiles of
Cd(II) and Zn(II) were fitted to the pseudo-first-order (PFO), pseudo-second-order (PSO),
Bangham, Elovich and Weber-Morris models, whose linearized equations are provided in
the Supplementary Materials as Equations (51)—(S5).

Bicomponent equilibrium studies were performed under the selected adsorption
conditions to evaluate the simultaneous adsorption behavior of Cd(Il) and Zn(II) onto
Mg-Fe-LDH@HC. The assays were conducted at pH 6.75 using an adsorbent dosage of
4 g L7! and equimolar Cd(IT) / Zn(II) solutions with initial concentrations of 0.25, 0.5, 0.75,
1.0, 1.25, and 1.5 mM. The experiments were carried out at 288.15, 298.15, 313.15, and
328.15 K to evaluate the effect of temperature on the bicomponent equilibrium response.
After the equilibrium contact time selected from the kinetic assays, the suspensions were
separated from the solid phase and the residual concentrations of Cd(II) and Zn(II) were
quantified by ICP-OES. The equilibrium adsorption capacity of each metal was calculated
using the corresponding equilibrium concentration.

The bicomponent equilibrium data were fitted using extended isotherm models com-
monly applied to multicomponent adsorption systems. Extended Langmuir, Extended
Freundlich, Extended Sips, and double-layer model (DLM) equations (Equations (S6)—(S9))
were used to describe the simultaneous adsorption of Cd(Il) and Zn(II). The equations are
provided in the Supplementary Materials as Equations (56)—(59). The calculated adsorp-
tion capacities obtained from each model were compared with the experimental values to
evaluate the descriptive performance of the models. Model fitting was assessed using R?,
root mean square error (RMSE), chi-square error (x?), and Marquardt’s percent standard
deviation (MPSD). These statistical indicators were used together to avoid selecting the
best model based only on R2.

An apparent thermodynamic assessment was also performed using the equilibrium
data obtained at different temperatures. The apparent equilibrium constant was estimated
from the distribution of each metal between the adsorbed phase and the aqueous phase.
The apparent Gibbs free energy change was calculated using AG® = —RT In Kapp, where
R is the universal gas constant, T is the absolute temperature, and Kapp is the apparent
equilibrium constant. The apparent enthalpy change and entropy change were estimated
from the Van't Hoff relationship, In Kapp = AS° /R — AH®/RT, using the slope and intercept
of the linear plot of In Kapp versus 1/T. The thermodynamic parameters were interpreted as
apparent descriptors of temperature dependence of adsorption and not as direct evidence
of individual adsorption mechanisms.

Competitive adsorption experiments were conducted using a mixture design at dif-
ferent Cd(I)/Zn(II) molar ratios and temperatures. The evaluated Cd(Il):Zn(II) ratios
were 0:100, 25:75, 50:50, 75:25, and 100:0, with individual metal concentration levels of
0,0.375, 0.75, 1.125, and 1.5 mM. The total metal concentration was kept at 1.5 mM. The
experiments were performed at 288.15, 298.15, 313.15, and 328.15 K to assess the influence
of temperature and metal proportion on the adsorption response. These assays allowed
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the competitive behavior between Cd(II) and Zn(Il) to be evaluated under controlled
bicomponent conditions.

The filtrates were collected in acid-washed polypropylene tubes and analyzed for
Cd(I) and Zn(II) by inductively coupled plasma optical emission spectrometry (ICP-OES)
using a Thermo Scientific iCAP 6500 Series instrument (Thermo Fisher Scientific, Waltham,
MA, USA). Before analysis, the samples were acidified with HNO; to obtain an acid
concentration of approximately 2% v/v and were diluted when necessary to ensure that
the measured concentrations remained within the linear calibration range. The ICP-OES
system was operated under standard aqueous sample analysis conditions using argon as
the plasma gas. The operating parameters were set as follows: RF power, 1150 W; plasma
gas flow, 125 L min~}; auxiliary gas flow, 0.5 L min~!; nebulizer gas flow, 0.55 L min~1;
pump speed, 45 rpm; glass concentric nebulizer; glass cyclonic spray chamber; quartz
center tube, 2.0 mm; axial observation mode; uptake time, 45 s; rinse time, 30 s; and three
instrumental readings per sample. A 2% v/v HNOj3 solution was used as the rinse solution
between measurements to minimize carryover.

Cd(I) and Zn(Il) were quantified using the emission lines Cd II 214.438 nm and
Zn 1I 213.856 nm, respectively. Calibration curves were prepared by serial dilution of
certified Cd and Zn standard solutions in 2% v/v HNOj. Analytical blanks and calibration
standards were measured under the same instrumental conditions as the samples. The
quality of the calibration was verified before sample quantification, and only calibration
curves with adequate linearity were used for concentration determination. Initial metal
solutions and filtrates from the adsorption assays were analyzed to determine the initial,
residual, and equilibrium concentrations of each metal. When dilution was required, the
corresponding dilution factor was applied before calculating adsorption capacity and
removal efficiency. The adsorption capacity at time t and the removal efficiency were
calculated using Equations (510) and (S11), respectively.

The regeneration and reuse of Mg-Fe-LDH@HC were evaluated by adsorption-
desorption assays. After adsorption, the metal-laden adsorbent was separated from the
solution and treated with HCl as a regenerating agent to promote the desorption of Cd(II)
and Zn(II). To select a suitable regeneration condition, different concentrations of HCI were
evaluated, specifically 0.1, 0.5, 1, 1.5, and 2 M. After acid treatment, the regenerated solid
was washed several times with ultrapure water until it reached a pH close to neutrality,
dried, and reused for adsorption. Subsequently, five adsorption-desorption cycles were
performed under the optimized adsorption conditions. After each cycle, the residual Cd(II)
and Zn(II) concentrations were quantified to calculate the retained adsorption capacity. In
parallel, the liquid phase recovered after each reuse cycle was analyzed by ICP-OES to quan-
tify possible Mg?* and Fe®* leaching from Mg-Fe-LDH@HC. This evaluation was included
to assess the structural stability of the LDH-containing domains during repeated adsorp-
tion and acid regeneration. FTIR analysis was performed for pristine Mg-Fe-LDH@HC,
Mg-Fe-LDH@HC after the fifth adsorption cycle, and regenerated Mg—Fe-LDH@HC to
evaluate changes in major surface functional groups and LDH-associated domains after
repeated use and acid regeneration.

The applicability of Mg-Fe-LDH@HC was evaluated through two complementary
assays. First, the effect of representative interfering ions was investigated using synthetic
aqueous solutions containing 10 mM of selected sodium salts. NaCl, Na;SO4, Nap,COs,
and Na3PO, were used as sources of Cl~, SO42~, CO3%2~, and PO,%~, respectively. The
adsorption experiments were conducted under the optimized adsorption conditions using
the Cd(II) / Zn(Il) bicomponent solution, while ultrapure water without added interfering
ions was used as the control. After adsorption, the residual concentrations of Cd(II)
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and Zn(II) were determined, and the adsorption capacity was calculated to evaluate the
influence of each anion on metal retention.

Second, adsorption experiments were performed using real water matrices, including
surface water, groundwater, and hospital effluent. Before the adsorption tests, the real
water samples were characterized in terms of pH, electrical conductivity, turbidity, total
dissolved solids, chemical oxygen demand, total organic carbon, hardness, alkalinity, and
major inorganic ions. The physicochemical characteristics of these matrices are summarized
in Table S6. For the adsorption assays, each real water sample was spiked with Cd(Il) and
Zn(II) to obtain the same initial metal concentration used in the optimized bicomponent
experiments. The adsorption tests were then carried out under the same operational
conditions used for the control system. Ultrapure water spiked with Cd(Il)/Zn(II) was
used as the reference matrix. The residual metal concentrations were measured after
adsorption, and the resulting adsorption capacities were compared to assess the effect of
matrix composition on the performance of Mg-Fe-LDH@HC.

All adsorption experiments were performed in triplicate under the same experimental
conditions. The results are expressed as mean values £ standard deviation. Standard
deviations were calculated from the three independent experimental replicates and were
used to represent the variability of the adsorption data.

2.5. Use of Generative Artificial Intelligence for Scientific Illustrations

Generative artificial intelligence (GenAl) tools were used exclusively for the prepa-
ration of the graphical abstract and schematic illustrations included in the manuscript.
Specifically, OpenAl ChatGPT, using the GPT-40 image-generation model was employed
to assist in the visualization of the synthesis route of Mg—Fe-LDH@HC, the conceptual
representation of the proposed adsorption mechanism, and the graphical summary of the
study. The generated illustrations were subsequently reviewed, scientifically validated,
modified, and edited by the authors to ensure consistency with the experimental proce-
dures, characterization results, adsorption experiments, and mechanistic interpretation
presented in this study. No artificial intelligence tools were used to generate experimental
data, perform instrumental measurements, conduct statistical fitting, or replace the authors’
scientific interpretation.

3. Results
3.1. Morphology and Elemental Distribution of Mg—Fe-LDH@HC

The SEM analysis evidenced the morphological evolution from the HC support to
the hybrid functionalized with Mg-Fe-LDH. The HC precursor showed a heterogeneous
carbonaceous surface composed of spherical particles, filamentous domains, and irregular
aggregates, which is consistent with the hydrothermal transformation of the lignocellu-
losic precursor (Figure 2a). These characteristics indicate that HC provides rough and
structurally diverse support that can favor the deposition of inorganic domains.

After LDH functionalization, the Mg-Fe-LDH@HC material exhibited a rougher and
more compact surface, with LDH-like aggregates deposited on the HC matrix (Figure 2b).
These deposits were observed as clustered and irregular domains attached to the carbona-
ceous surface, indicating that the HC acted as a support for the growth and dispersal
of the inorganic phase. Compared to the rose-like morphology commonly observed for
unsupported Mg-Fe-LDH particles (Figure S1), the hybrid showed a more distributed
arrangement of LDH domains on the HC surface. This behavior suggests that the in-
teraction between the oxygenated groups of the HC and the Mg/Fe-containing phase
helped to reduce extensive LDH agglomeration and promoted the formation of a supported
hybrid interface.
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Figure 2. Physicochemical characterization of Mg-Fe-LDH@HC and its precursor materials: (a) SEM
image of HC and (b) Mg-Fe-LDH@HC showing LDH aggregates deposited on the HC surface;
(c) SEM-EDS elemental mapping of Mg-Fe-LDH@HC. Adapted from Ref. [25].

SEM-EDS elemental mapping additionally supported the successful incorporation of
the Mg—Fe-LDH phase into the HC (Figure 2c). The distribution of C and O was associated
with the carbonaceous matrix, while the signals of Mg and Fe confirmed the presence of
the LDH phase on the surface of the hybrid. The Si signal can be attributed to inorganic
residues from the biomass precursor. The simultaneous distribution of C, O, Mg, Fe, and
Si indicates that the inorganic phase is not isolated from the HC matrix, but spatially
associated with the carbonaceous support. This morphology and elemental distribution
are relevant for the adsorption of Cd(Il) and Zn(lIl), as they indicate the coexistence of
oxygenated carbonaceous domains and hydroxylated sites associated with Mg/Fe that
could act as accessible surface regions for metal retention.

3.2. Structural and Surface-Chemical Characterization of Mg—Fe-LDH@HC

The structural and surface chemical characteristics of Mg-Fe-LDH@HC were evaluated
by XRD, FTIR and XPS analysis (Figures 3 and 52). The HC XRD pattern showed broad
reflections in the 20 regions of 15-17° and 22-23°, along with additional signals near 35°
and 44°, which can be associated with residual crystalline domains of the biomass-derived
carbonaceous matrix and with silica-related inorganic contributions. The Mg-Fe-LDH
pattern presented faint reflections characteristic of a low-crystallinity hydrotalcite-like
phase, including signals in regions commonly associated with basal and non-basal planes
of LDH. The low intensity and broadening of these reflections suggest a limited long-range
ordering, consistent with the absence of a prolonged stage of aging and with the formation
of an amorphous or weakly laminated Mg-Fe-LDH phase.

In the Mg-Fe-LDH@HC hybrid, the diffraction pattern retained contributions from
both the HC support and the LDH phase. The persistence of HC-associated reflections,
together with the presence of LDH-linked signals, supports the coexistence of the carbona-
ceous matrix and Mg-Fe-LDH domains within the same material. The attenuation and
widening of some reflections suggest that LDH growth occurred on the heterogeneous
surface of HC, rather than as a separate, completely crystalline phase. This structural
arrangement is relevant for adsorption because it indicates that the material combines
oxygenated carbonaceous domains of HC with hydroxylated and carbonated inorganic
domains of Mg-Fe-LDH.

The FTIR spectrum of Mg-Fe-LDH@HC confirmed the presence of functional groups
associated with both components of the hybrid material. The wide band between 3600 and
3200 cm~! was assigned to O-H stretch vibrations of hydroxyl groups and adsorbed or
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interlaminar water. Weak signals in the 2950-2850 cm ™! region were related to aliphatic
C-H stretch vibrations of residual organic fractions in the HC. The band located between
1650 and 1600 cm ! was mainly attributed to the H-O-H bending of adsorbed or inter-
laminar water, with possible overlapping contributions of aromatic C=C and conjugated
C=O0 of the carbonaceous phase. The region between 1500 and 1350 cm ! was associated
with carbonate species of the LDH interlayer region and with aromatic or carbonaceous
contributions of the HC. The wide region between 1200 and 1000 cm ! was assigned to C-O
stretch vibrations of HC oxygenated groups, while the low wavenumber bands, between ap-
proximately 700 and 450 cm ™!, were attributed to M-O and M-O-M lattice vibrations of the
Mg-Fe-LDH phase. These assignments confirm the coexistence of hydroxylated, hydrated,

carbonated, oxygenated carbonaceous and metal-oxygen domains in the hybrid structure.

Hydrochar (HC) Mg-Fe-LDH Mg-Fe-LDH@HC
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Figure 3. Structural and surface-chemical characterization of Mg-Fe-LDH@HC and its precursor
materials. XRD patterns of (a) HC, (b) Mg—Fe-LDH, and (c¢) Mg-Fe-LDH@HC. (d) FTIR spectrum
of Mg-Fe-LDH@HC. High-resolution XPS spectra of (e) Fe 2p and (f) Mg 1s for Mg-Fe-LDH@HC.
In panel (d), the solid line represents the FTIR spectrum, while the dashed lines indicate the main
vibrational regions assigned to surface functional groups. In panels (e) and (f), the solid colored
curves correspond to deconvoluted fitting components, and the dashed red line represents the overall
fitted envelope. Adapted from Refs. [25,26].

The XPS analysis provided complementary evidence on the surface chemical com-
position of Mg-Fe-LDH@HC. The Fe2p spectrum showed several contributions in the
709-733 eV region, consistent with Fe species in oxide- or hydroxide-like environments
associated with the LDH phase. The Mg 1s spectrum showed two components centered
around 1304.4 and 1303.63 eV, which can be related to oxygenated environments containing
Mg, including Mg-O and Mg-OH type contributions. These signals support the presence of
exposed Mg/Fe-associated inorganic domains on the surface of the hybrid.

The high-resolution O 1s and C 1s spectra shown in Figure S2 provide additional
information on the oxygenated and carbonaceous surface chemistry of Mg-Fe-LDH@HC.
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The Ols spectrum showed assignable contributions to oxygen-metal, hydroxyl groups, car-
bonyl/carboxyl and adsorbed water or oxygenated carbonaceous environments. Similarly,
the C 1s spectrum included components associated with C-C/C=C, C-O, C=0, and O-C-O.
These results indicate that the HC matrix provides oxygenated carbonaceous functionalities,
while the Mg-Fe-LDH phase provides metal-oxygen and metal-hydroxyl environments.
Therefore, the XPS analysis supports the chemical coupling between the carbonaceous
support and the inorganic LDH phase.

3.3. Textural Properties and Surface Charge of Mg—Fe-LDH@HC

The precursor HC showed low N, adsorption over most of the relative pressure range,
followed by a pronounced increase to high P/P0 values, close to 1 (Figure S3a). This profile
is consistent with a carbonaceous material with a low surface area and poorly developed
internal porosity, although with the contribution of interparticular voids or larger pores
that favor gas adsorption at high relative pressures. Therefore, the HC acts primarily as a
structural support rather than as a highly porous adsorbent phase.

In contrast, Mg-Fe-LDH had a considerably higher adsorption capacity than HC,
with rapid uptake at low relative pressure and a progressive increase in the intermediate
and high regions of P/Py (Figure S3b). This behavior indicates the presence of accessible
surface domains and mesoporous regions associated with the laminar structure of LDH.
The hysteresis cycle observed between the adsorption and desorption branches suggests
the contribution of mesoporosity and interparticular spaces formed by the aggregation
of LDH-type lamellar particles. These textural characteristics are relevant because they
can favor the exposure of hydroxylated sites associated with Mg/Fe during adsorption
processes in an aqueous medium.

The Mg-Fe-LDH@HC hybrid showed an intermediate adsorption capacity with re-
spect to the individual precursors (Figure S3c). Although its N, uptake was lower than
that of pristine Mg-Fe-LDH, it was clearly superior to that of HC, confirming that LDH
functionalization improved the textural properties of the carbonaceous support. The shape
of the isotherm and the presence of hysteresis indicate that the hybrid retained mesoporous
and interparticular domains. This result supports the role of HC as a structuring matrix for
LDH dispersion, while Mg-Fe-LDH provides additional surface domains. From the adsorp-
tion perspective, this configuration is favorable because it combines the structural stability
and carbonaceous surface of HC with the hydroxylated inorganic domains of Mg—Fe-LDH.

The BET analysis allowed quantifying these textural differences. The HC had a
very low surface area, close to 3 m? g~!, which confirms that the unactivated hydrochar
has a poorly developed structure from the microporous point of view. On the other
hand, Mg-Fe-LDH showed a considerably larger surface area, approximately 285 m? g~ !,
associated with its laminar nature and with the greater availability of external surface. After
functionalization, the Mg-Fe-LDH@HC hybrid presented an intermediate surface area of
approximately 93 m? g~ 1. Although this value is lower than that of pristine Mg-Fe-LDH,
it represents a significant improvement over HC and confirms that the incorporation of
LDH increased the accessible surface area of the carbonaceous support. This combination
of moderate surface area, mesoporous domains, and hybrid interface can favor contact
between Cd(II)/Zn(Il) and the functional sites available in Mg-Fe-LDH@HC.

The pHpzc curve of Mg-Fe-LDH@HC showed the relationship between the initial
pH and the final pH after contact with the material (Figure S3d). The point of intersection
indicates the pHpyzc of the hybrid surface. This parameter is important because it defines
the pH region in which the surface of the material tends to be predominantly protonated
or deprotonated. At pH values below pHpzc, the surface is expected to have a greater
positive charge contribution, while at pH values above pHpzc, the deprotonation of surface
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groups is favored. Therefore, the pHpzc provides a useful reference for interpreting the
pH-dependent adsorption behavior of Cd(II) and Zn(II).

3.4. Surface Charge, pH Effect, and Adsorbent Dosage on Cd(Il)/Zn(1I) Adsorption

The initial adsorption behavior of Mg-Fe-LDH@HC was evaluated by considering
surface charge, solution pH, and adsorbent dosage. These parameters are closely related
because they regulate the protonation state of surface functional groups, the aqueous
speciation of metal ions, the availability of active sites, and the balance between removal
efficiency and Qe [27].

The pH at the pHpzc of Mg-Fe-LDH@HC was approximately 4.3 (Figure S3d). This
value indicates that the adsorbent surface is expected to be predominantly positively
charged below pHpzc and negatively charged above this value. Therefore, under conditions
above pHpzc, the deprotonation of hydroxyl and oxygen-containing groups from the HC
matrix and Mg-Fe-LDH domains may favor the electrostatic attraction of Cd(II) and Zn(II),
provided that both metals remain mainly in soluble cationic forms within the evaluated pH
range [28].

The pH effect showed limited adsorption under strongly acidic conditions, particularly
at pH 2 and 4 (Figure 4a,b). This behavior can be attributed to the protonation of oxygenated
and hydroxylated surface groups, which reduces the availability of negatively charged
sites for Cd(II) and Zn(II) binding. In addition, the high H* concentration under acidic
conditions may compete with metal cations for active sites, decreasing the contribution of
electrostatic attraction and other possible surface interactions.
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Figure 4. Effect of initial pH and adsorbent dosage on Cd(II) and Zn(II) adsorption by Mg—Fe-
LDH@HC: (a) effect of pH on Cd(II) adsorption; (b) effect of pH on Zn(II) adsorption; (c) effect of
adsorbent dosage on Cd(II) adsorption; and (d) effect of adsorbent dosage on Zn(II) adsorption.
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A marked increase in Cd(II) and Zn(II) adsorption was observed at pH 6 and 6.75. At
these pH values, the Mg-Fe-LDH@HC surface is above the pHpzc, which favors cation
retention through electrostatic interactions with deprotonated surface groups. The en-
hanced adsorption may also be associated with the contribution of hydroxylated Mg/ Fe
sites and carbonate-containing domains from the LDH phase, although additional surface
evidence would be required to confirm their specific role. The pH value of 6.75 was selected
for subsequent adsorption assays because it provided the highest adsorption response
while remaining below the pH range where Cd(II) and Zn(Il) hydroxide precipitation
could become dominant. This distinction is important because alkaline pH conditions
may increase apparent removal through precipitation, making it necessary to distinguish
adsorption-driven removal from uncontrolled precipitation in the bulk solution [29].

Under the selected conditions, near-complete removal of Cd(Il) and Zn(Il) was
achieved using an equimolar Cd(IT)/Zn(II) solution of 1 mM, pH 6.75, 4 g L' Mg—Fe-
LDH@HC, 298.15 K, and 180 min of contact time. This result should be interpreted within
the evaluated experimental conditions because removal efficiency strongly depends on the
initial metal concentration, adsorbent dosage, pH, contact time, and metal ratio. Therefore,
the high removal percentage obtained at 1 mM should not be extrapolated directly to
substantially higher metal concentrations or to more complex aqueous matrices without
additional validation.

To distinguish adsorption from possible metal precipitation at the selected working
pH, an equilibrium hydrolysis speciation analysis was performed for Cd(II) and Zn(II)
at 1 mM and 25 °C over the pH range of 0-14 (Figure S4). The results showed that, at
pH 6.75, both metals remained predominantly as dissolved divalent species. Hydrolyzed
species became more relevant only at higher pH values, particularly for Zn(II), which
showed a greater tendency toward hydrolysis than Cd(II). Therefore, under the selected
experimental conditions, bulk hydroxide precipitation is not expected to be the dominant
removal pathway. The removal of Cd(II) and Zn(Il) at pH 6.75 is mainly discussed as an
adsorption-driven process associated with the interaction of dissolved metal ions with
the Mg-Fe-LDH@HC surface. This interpretation is supported by the surface charge
behavior, the presence of hydroxylated and oxygenated domains identified by FTIR and
XPS, and the kinetic and equilibrium modeling results. However, specific pathways such
as surface complexation, ion exchange, or localized surface-assisted precipitation should
be interpreted as possible contributions rather than individually confirmed mechanisms,
since post-adsorption XPS and direct quantification of exchanged interlayer species were
not performed.

After defining the working pH, the influence of adsorbent dosage was evaluated using
an equimolar Cd(II)/Zn(II) solution at 298.15 K. Increasing the Mg-Fe-LDH@HC mass
from 0.001 to 0.2 g in 50 mL progressively enhanced the removal percentage of both metals.
This trend is consistent with the greater number of available adsorption sites at higher solid
loadings. At low adsorbent masses, the limited number of active sites restricts total metal
removal, even if each gram of adsorbent is exposed to a larger amount of dissolved metal.

Qe decreased as the adsorbent dosage increased (Figure 4c,d). This trend does not
necessarily indicate poorer adsorbent performance; rather, it reflects the mathematical
dependence of Qe on adsorbent mass and the partial underutilization of available sites
at high solid loadings. At very low doses, each gram of adsorbent interacts with a larger
amount of dissolved metal, increasing the apparent Qe. Conversely, at higher doses, the
number of binding sites exceeds the available Cd(Il) and Zn(II) in solution, leading to lower
Qe values but higher overall removal [30].

These results show the typical trade-off between adsorption capacity and removal
efficiency. From an application-oriented perspective, the working dose should not be
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selected solely based on the maximum value of Qe, but on the condition that provides
high removal efficiency, stable performance, and rational use of the adsorbent under two-
component conditions. In this study, 0.2 g of Mg-Fe-LDH@HC in 50 mL, equivalent to
4 g L7, was selected as the working dose because it allowed an almost complete removal
of Zn(II) and Cd(II) under the conditions evaluated.

From a technical perspective, increasing the adsorbent dose provides more available
surface sites and improves the probability of interaction between Cd(II)/Zn(II) species
and the Mg-Fe-LDH@HC surface. However, once the number of available adsorption
sites exceeds the number of dissolved metal ions, additional dose increments can generate
only marginal improvements in removal efficiency. This behavior can be associated with
underutilization of active sites, potential particle aggregation, and reduced effective acces-
sibility of adsorption domains to higher solid loads [31]. Similar trends have been reported
for biomass-based adsorbents, where excessive dosage may increase overall removal, but
decrease adsorption capacity per unit mass due to site underutilization and aggregation
effects [32,33].

From an economic and operational perspective, the use of doses greater than 4 g L~
would increase adsorbent consumption, handling requirements, and solid-liquid separation
demands, without a commensurate improvement in removal performance. Therefore,
4 g L 7! was selected as a practical optimal dose because it provided efficient removal
of Cd(II)/Zn(Il), avoiding unnecessary excess material. The simultaneous presence of
Cd(II) and Zn(II) should also be considered when interpreting the selected pH and dose
conditions, as ions in multicomponent systems compete for accessible binding domains and
may exhibit different affinities towards the same surface sites. Thus, pH 6.75 and 4 g L~!
Mg-Fe-LDH@HC were used in the subsequent kinetic, equilibrium, and competitive
adsorption studies.

3.5. Contact Time Effect and Adsorption Kinetics of CA(II) and Zn(Il)

The effect of contact time was evaluated to describe the adsorption rate of Cd(Il)
and Zn(Il) onto Mg-Fe-LDH@HC and to define the equilibrium time required for the
subsequent bicomponent equilibrium studies. The kinetic assays were performed using
equimolar Cd(II)/Zn(II) solutions with initial concentrations of 0.25, 0.5, 0.75, 1, 1.25 and
1.5 mM, under the previously selected conditions of pH 6.75 and 4 g L~! adsorbent dosage.
The adsorption profiles showed a similar trend for both metals, with a rapid adsorption
stage during the first minutes of contact followed by a slower approach to equilibrium.

For Zn(II) (Figure 5), adsorption increased sharply within the first 20 min for all
initial concentrations. This initial stage can be associated with the abundance of accessible
adsorption sites on the Mg-Fe-LDH@HC surface, including hydroxylated Mg/Fe domains,
oxygenated groups from HC, and carbonate-containing LDH regions. During this period,
the concentration gradient between the aqueous phase and the adsorbent surface was high,
favoring rapid mass transfer and occupation of the most accessible sites. After this stage, the
adsorption rate decreased progressively, suggesting that the process became increasingly
influenced by surface occupation and diffusion toward less accessible domains.

A comparable kinetic profile was observed for Cd(Il) (Figure 6). Adsorption increased
rapidly during the initial contact period and then gradually approached equilibrium.
For both metals, the kinetic curves tended to stabilize after approximately 90 min, with
only moderate increases between 90 and 180 min. Therefore, 120 min was selected as
a representative equilibrium time for the subsequent adsorption studies, providing a
practical balance between near-equilibrium conditions and operational efficiency. The
different kinetic profiles observed for Cd(Il) and Zn(II) reinforce the need to evaluate
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both ions under bicomponent conditions rather than extrapolating from single-metal
adsorption behavior.
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Figure 5. Contact time effect and kinetic modeling of Zn(II) adsorption onto Mg-Fe-LDH@HC at
different initial concentrations: 0.25 mM, 0.5 mM, 0.75 mM, 1 mM, 1.25 mM and 1.5 mM. Experimental
data were fitted using the PFO, PSO, Bangham, and Elovich models.

Qe increased with the initial metal concentration for both Cd(Il) and Zn(II). For Zn(II),
Qe increased from the lowest value obtained at 0.25 mM to the highest value observed
at 1.5 mM after 180 min. A similar trend was observed for Cd(Il), confirming that higher
initial concentrations increased the driving force for mass transfer and the probability of
interaction between dissolved metal ions and available adsorption sites. However, the
higher Qe values expressed in mg g~! for Cd(II) should be interpreted with caution because,
under equimolar conditions, Cd(Il) represents a higher mass concentration than Zn(II).
Therefore, the apparent difference in mg g~! should not be considered direct evidence
of higher Cd(Il) affinity. Selectivity must be interpreted together with the bicomponent
equilibrium and mixture-design results.

The kinetic profiles of Cd(II) and Zn(II) were fitted using the pseudo-first-order (PFO),
pseudo-second-order (PSO), Bangham, and Elovich models, and the corresponding pa-
rameters are presented in Tables S1 and S2. Overall, PFO and PSO showed less consistent
fitting performance across the evaluated concentration range, indicating that the adsorption
kinetics cannot be adequately interpreted only through simple first-order or second-order
empirical descriptions. This behavior is reasonable considering the heterogeneous nature

https://doi.org/10.3390/w18141658


https://doi.org/10.3390/w18141658

Water 2026, 18, 1658

16 of 28

of Mg-Fe-LDH@HC, which contains oxygenated groups from the HC matrix, hydroxylated
Mg /Fe domains, carbonate-containing LDH regions, mesoporous/interparticle domains,
and structurally non-uniform adsorption sites.
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Figure 6. Contact time effect and kinetic modeling of Cd(II) adsorption onto Mg-Fe-LDH@HC at
different initial concentrations: 0.25 mM, 0.5 mM, 0.75 mM, 1 mM, 1.25 mM and 1.5 mM. Experimental
data were fitted using the PFO, PSO, Bangham, and Elovich models.

Among the evaluated kinetic models, Bangham and Elovich provided the most consis-
tent descriptive fitting performance according to the R? values reported in Tables S1 and S2.
These values were used as goodness-of-fit indicators for the linearized kinetic equations,
rather than as statistical evidence of significant differences between models. Since the eval-
uated kinetic models have different mathematical structures and linear transformations,
R? was considered an appropriate comparative parameter for describing the agreement
between the fitted equations and the experimental kinetic profiles. However, the model
comparison was interpreted cautiously and was not used as definitive proof of a single
adsorption mechanism.

The Weber-Morris plots showed multilinearity for both metals (Tables S3 and 54),
confirming that adsorption proceeded through several consecutive stages rather than
through a single rate-controlling mechanism. The first region showed the highest (k;q)
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values and is associated with rapid external mass transfer and occupation of readily
accessible surface sites. The second region showed lower slopes, indicating the contribution
of diffusion-related resistance or progressive access to less accessible hybrid domains.
The third region presented the lowest slopes and corresponds to the final approach to
equilibrium. Since none of the fitted lines passed through the origin and all C values were
different from zero, intraparticle diffusion cannot be considered the sole rate-limiting step.
Therefore, the rate-limiting behavior is better described as a combined process involving
rapid external surface uptake followed by diffusion-related resistance and heterogeneous
surface interactions.

3.6. Bicomponent Equilibrium Isotherms and Thermodynamic Assessment

The bicomponent equilibrium adsorption of Cd(Il) and Zn(II) onto Mg-Fe-LDH@HC
was evaluated at different temperatures to describe the simultaneous distribution of both
metal ions between the aqueous phase and the adsorbent surface. Unlike single-solute
systems, bicomponent adsorption involves competition for accessible adsorption domains,
which can modify the apparent affinity and adsorption capacity of each metal. Therefore,
equilibrium interpretation should consider not only the individual metal concentration,
but also the simultaneous presence of the competing ion [34].

The equilibrium data showed that Qe increased with the initial metal concentration
for both Zn(II) and Cd(Il) (Figure 7), confirming that a higher concentration gradient
enhanced the driving force for mass transfer from the aqueous phase to the adsorbent sur-
face. However, because both metals were present simultaneously, the adsorption response
was governed by competitive occupation of partially shared adsorption domains. This
behavior agrees with recent analyses of multicomponent adsorption systems, where the
uptake of one metal can be affected by the presence of another species through compe-
tition for common surface sites, steric effects, ionic affinity, and differences in hydration
behavior [34,35].

The extended isotherm models provided useful information on the equilibrium be-
havior of Cd(II) and Zn(II) under bicomponent conditions. The Extended Langmuir model
showed the weakest overall fitting performance, suggesting that the system was not ade-
quately described by the assumptions of homogeneous equivalent sites and ideal competi-
tive monolayer adsorption. This does not mean that competition for shared sites was absent.
Rather, it indicates that site competition alone, when represented through a homogeneous
Langmuir-type framework, was insufficient to describe the non-ideal equilibrium response
of the Cd(II)/ Zn(II) mixture.

In contrast, the heterogeneous models provided better descriptions of the experimental
data. For both Zn(II) and Cd(II), the DLM showed the highest R? values and the lowest
MPSD, RMSE, and x? values among the evaluated models (Table S5). Extended Sips also
provided a satisfactory fit, followed by Extended Freundlich. However, the improved
performance of DLM should be interpreted cautiously because this model includes greater
mathematical flexibility than the Extended Langmuir model. Therefore, DLM was consid-
ered the best empirical descriptor of the bicomponent equilibrium data, but not as direct
evidence of two physically separated adsorption layers.

For Zn(Il), the DLM produced the best fit, with R? = 0.974, MPSD = 8.120%,
RMSE = 1.214, and X2 = 0.421. The Extended Sips model also showed a satisfactory fit,
with R? = 0.968 and MPSD = 10.952%. For Cd(II), the same trend was observed. The DLM
showed the best statistical performance, with R? = 0.962, MPSD = 14.854%, RMSE = 1.625,
and x? = 0.692, while Extended Sips provided the second-best fit. These results support
the interpretation that Mg-Fe-LDH@HC contains non-equivalent adsorption domains,
probably associated with oxygenated groups from HC, hydroxylated Mg/Fe regions,
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carbonate-containing LDH domains, and interparticle or mesoporous regions [36]. There-
fore, the fitted models should be interpreted as empirical descriptors of heterogeneous
bicomponent equilibrium rather than direct proof of a single adsorption mechanism [37].
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Figure 7. Bicomponent adsorption equilibrium and isotherm modeling of Cd(II) and Zn(II) onto
Mg-Fe-LDH@HC. Cd(II) adsorption at (a) 288.15 K, (b) 298.15 K, (c) 313.15 K, and (d) 328.15 K. Zn(II)
adsorption at (e) 288.15 K, (f) 298.15 K, (g) 313.15 K, and (h) 328.15 K. Experimental data were fitted
using the Extended Langmuir, Extended Freundlich, Extended Sips, and double-layer model (DLM).

The simultaneous decrease in these error functions for DLM, together with its higher
R?, indicates that this model provided the most adequate empirical description of the
bicomponent equilibrium data. This approach is consistent with recent recommendations
indicating that adsorption models should be evaluated using multiple statistical indicators
rather than relying only on correlation coefficients.

The thermodynamic parameters were calculated to evaluate temperature dependence
of Cd(II) and Zn(II) adsorption (Table 1). The negative AG® values obtained for both metals
at all temperatures indicate that the adsorption process was thermodynamically favorable
under the evaluated conditions. For Zn(II), AG°® decreased from —11.35 to —15.44 k] mol !
when temperature increased from 288.15 to 328.15 K. For Cd(II), AG® decreased from
—9.45 to —13.62 k] mol~! over the same temperature range [38]. This trend suggests that
adsorption became slightly more favorable at higher temperature, although the variation
in Qe remained limited.

The positive AH® values obtained for Zn(Il) and Cd(Il), 18.42 and 21.15 kJ mol !,
respectively, indicate an apparent endothermic contribution. However, the relatively low
magnitude of AH® suggests that the adsorption process was not dominated by strong
chemical bonding. Values within this range are commonly interpreted as compatible with
weak interactions, physical adsorption contributions, or mixed adsorption processes where
electrostatic attraction, hydration-shell rearrangement, and weak surface interactions par-
ticipate. Therefore, the thermodynamic results support a predominantly weak-interaction-
controlled adsorption contribution, although specific interactions with heterogeneous
surface domains cannot be completely discarded.
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Table 1. Thermodynamic parameters for Zn(II) and Cd(II) adsorption.

Metal Temperature (K) AG° (k] mol-1) AH° (k] mol-1) AS° (Jmol-1K-1)

Zn(II) 288.15 —11.35 18.42 101.45
298.15 —12.42
313.15 —13.88
328.15 —15.44

Cd(II) 288.15 —9.45 21.15 105.12
298.15 —10.54
313.15 —12.10
328.15 —13.62

The positive AS° values, 101.45 ] mol~! K~ for Zn(II) and 105.12 ] mol~* K~ for
Cd(Il), indicate increased randomness at the solid-liquid interface during adsorption. This
behavior can be associated with the release of water molecules from the hydration shells of
Cd(II) and Zn(II), as well as from hydrated surface domains of Mg-Fe-LDH@HC during
metal retention [39]. The high linearity of the Van’t Hoff plots, with R? values of 0.994
for Zn(II) and 0.992 for Cd(II), supports the internal consistency of the thermodynamic
estimation within the evaluated temperature range.

3.7. Competitive Adsorption Behavior in Cd(Il)/Zn(II) Mixtures

The competitive adsorption behavior of Cd(II) and Zn(IlI) onto Mg-Fe-LDH@HC
was evaluated through mixture experiments at different metal proportions and temper-
atures. This approach was necessary because the previous bicomponent equilibrium
assays were conducted under equimolar conditions, whereas real aqueous effluents rarely
contain metals at identical concentrations. Therefore, the mixture design allowed the
adsorption response of Mg-Fe-LDH@HC to be assessed under variable Cd(II)/Zn(II) ra-
tios and provided additional evidence on the interaction between both adsorbates during
simultaneous adsorption.

The results of the mixture design showed that the adsorption response was mainly
controlled by the relative proportion of Cd(Il) and Zn(Il) (Figure 8), while temperature
produced minor changes within the evaluated range. This behavior is consistent with the
thermodynamic evaluation, where moderate values of AH® and limited variation in Qe
indicated that adsorption was not strongly governed by temperature. Thus, the competitive
distribution of both metals over the available adsorption domains was more relevant than
the thermal variation between 288.15 and 328.15 K.

The limited effect of temperature suggests that Mg—-Fe-LDH@HC maintained a rela-
tively stable adsorption behavior under moderate thermal variations. From an operational
perspective, this result is favorable because water treatment systems can operate under
varying ambient temperatures. However, the slight improvement observed at higher
temperatures should not be overinterpreted as evidence of a strongly endothermic mecha-
nism. Rather, it indicates that the adsorption process was thermodynamically favorable
and weakly temperature-dependent, in accordance with the apparent thermodynamic
parameters discussed above.

In contrast, the molar Cd(II) /Zn(I) ratio had a clear effect on the adsorption response.
The most relevant trend was the progressive decrease in Zn(Il) adsorption as the fraction
of Cd(II) in the mixture increased. This behavior indicates that both divalent cations com-
peted for partially shared adsorption domains on Mg-Fe-LDH@HC. These domains may
include deprotonated oxygenated groups of the HC matrix, hydroxylated Mg/Fe regions,
carbonate domains associated with the LDH phase, and interparticular or mesoporous
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regions. However, these surface contributions should be interpreted as possible adsorption
domains and not as individually confirmed mechanistic pathways.
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Figure 8. Competitive adsorption study of Cd(II) and Zn(II) onto Mg-Fe-LDH@HC under different
molar ratios and temperatures. The color gradient represents the adsorption response, with warmer
colors indicating higher adsorption values and cooler colors indicating lower adsorption values.

The larger competitive effect of Cd(II) on Zn(II) adsorption suggests an antagonistic
interaction between the two metals. In an antagonistic two-component system, the pres-
ence of one solute reduces the adsorption of the other because both species compete for
common or partially overlapping sites. Although Cd(II) and Zn(II) have the same formal
charge, their adsorption behavior may differ due to differences in hydrated ionic radius,
hydration energy, polarizability, tendency to hydrolysis, and affinity towards oxygenated
or hydroxylated surface domains. These differences can modify the effective accessibility
of adsorption sites and lead to uneven retention under competitive conditions.

The apparent preferential retention of Cd(II) over Zn(Il) should be interpreted with
caution, since the values of Qe expressed in mg g~ ! are influenced by the different atomic
masses of Cd and Zn. Therefore, a higher adsorption capacity of Cd(II) in units of mass
should not be considered by itself as direct evidence of intrinsic selectivity. The competitive
response should be interpreted from the combined evidence of molar-basis mixture design,
bicomponent equilibrium modeling, and changes in Zn(II) retention by increasing the Cd(II)
fraction. Under this approach, the results indicate that Cd(II) interfered more strongly with
Zn(Il) adsorption than the reverse effect.

These findings are consistent with the modeling of two-component isotherms. The
lower performance of the extended Langmuir model indicates that the system was not
adequately described by a homogeneous surface with equivalent adsorption sites. In
contrast, the improved performance of heterogeneous models, particularly DLM and
Extended Sips, supports the presence of non-equivalent adsorption domains and non-
ideal competitive interactions. Therefore, the results of the mixture design reinforce the
interpretation that Mg-Fe-LDH@HC behaves as a heterogeneous adsorbent, in which Cd(II)
and Zn(II) compete for adsorption domains with different apparent affinities.

Mixing experiments also provide practical information that cannot be obtained from
monometallic or equimolar systems alone. Under equimolar conditions, both metals are
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supplied at the same molar concentration, which is useful for comparing their simultane-
ous adsorption under controlled conditions. However, experiments with variable ratios
reveal how the adsorbent responds when one of the metals becomes dominant in the
mixture. In this study, increasing the Cd(Il) fraction progressively reduced Zn(II) retention,
confirming that the metal ratio is a critical factor controlling the apparent performance
of Mg-Fe-LDH@HC.

3.8. Operational Stability and Applicability Assessment of Mg—Fe-LDH@HC

The effect of HCl concentration on the recovered adsorption capacity of Mg-Fe-
LDH@HC is shown in Figure S5. The highest values of recovered Qe for Zn(II) and Cd(II)
were obtained when 0.1 M HCl was used as a regenerating agent. Increasing HCl concentra-
tion from 0.1 to 2 M progressively reduced subsequent adsorption capacity, indicating that
stronger acidic conditions did not improve practical adsorbent recovery. Although acidic
solutions can promote metallic desorption by protonation of surface functional groups and
weakening metal-surface interactions, increased acid strength can also modify oxygenated
groups, disturb LDH-associated domains, or affect the accessibility of active sites. This
behavior is consistent with previous studies indicating that chemical regeneration can reac-
tivate depleted biochar-based adsorbents, but its performance depends on the adsorption
mechanism, surface functional groups, porous structure, and potential changes in active
sites during regeneration [40]. Other studies in heavy metal adsorbents have also reported
that HCI may be effective for metal desorption, although repeated or intense acid treatment
may reduce subsequent adsorption capacity due to changes in active adsorption sites [41].

Based on these results, 0.1 M HCl was selected for the reuse assay over five cycles, as
it provided the best balance between metallic desorption and preservation of adsorption
capacity. As shown in Figure 9a,b Mg-Fe-LDH@HC maintained a considerable fraction
of its initial performance after five consecutive adsorption-desorption cycles. For Zn(II),
Qe gradually decreased from about 22 mg g~ ! in the first cycle to about 19.3 mg g~ ! in
the fifth cycle. For Cd(Il), the decrease was more pronounced, from approximately 23 to
21 mg g~ !. These results suggest that the material can be reused with a moderate loss of
performance, which is important for the practical application of adsorption-based water
treatment systems. Regeneration is a key factor in improving the economic feasibility of
adsorbents, as it allows their repeated use and reduces the need for replacement with
fresh material.

The structural stability of the material was also evaluated by monitoring Mg?* and Fe®*
leaching after each reuse cycle (Figure S6). The leached concentrations were considerably
low and decreased progressively with the number of cycles. Mg?* release was higher
than Fe3* release, suggesting that Mg-associated domains were comparatively more labile,
whereas Fe-containing domains remained more stable. From the third cycle onward,
leaching became negligible, supporting the structural stability of Mg-Fe-LDH@HC under
the selected operating pH. These results suggest that the material can be reused with
moderate performance loss and limited metal leaching, which is important for the practical
application and economic feasibility of adsorption-based water treatment systems.

FTIR spectra (Figure 9¢) additionally support the reuse results. After the fifth adsorp-
tion cycle, changes were observed in the OH stretch region, the carbonate-associated region,
the C-O stretch interval and the M-O/M-O-M vibration region, suggesting the participation
of hydroxylated groups, interlaminar carbonate species, oxygenated groups and metal-
oxygen domains associated with LDH in the retention of Cd(Il)/Zn(Il). After regeneration
with 0.1 M HCl, the main absorption bands were preserved, indicating that the hybrid
structure was largely maintained. However, the regenerated spectrum did not fully recover
the profile of the pristine material, suggesting that the regeneration was effective, but not
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completely restorative. This partial recovery is consistent with the gradual decrease in Qe
during reuse and may be associated with incomplete desorption, residual site occupation,
surface protonation, or partial disturbance of LDH-related adsorption domains.

25
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Figure 9. Reusability and structural stability of Mg-Fe-LDH@HC after adsorption-desorption cycles.
Adsorption capacity of Mg-Fe-LDH@HC for (a) Zn(II) and (b) Cd(II) over five consecutive reuse
cycles. (c) FTIR spectra of Mg-Fe-LDH@HC, Mg-Fe-LDH@HC after the fifth adsorption cycle, and
regenerated Mg-Fe-LDH@HC.

To further evaluate the applicability of Mg-Fe-LDH@HC, adsorption tests were per-
formed in the presence of representative interfering ions and real water matrices. As shown
in Figure S7, C1™ produced only a slight decrease in Qe for both Zn(II) and Cd(II), while
SO4%~ caused a more noticeable reduction, probably due to increased ionic strength and
competition near hydroxylated or positively charged sites. The strongest decreases were
observed with CO32~ and PO4%~, suggesting that multivalent oxyanions can more strongly
affect Cd(II) / Zn(Il) retention by modifying metal speciation, competing for LDH-related
domains, or interacting with hydroxylated and interlayer regions. Similar effects of coexist-
ing ions on heavy-metal adsorption and electrostatic interactions have been reported for
LDH-based and mineral adsorbents [42—44].

The performance of Mg-Fe-LDH@HC was also assessed in real water matrices. As
shown in Figure S8, Qe decreased in surface water, groundwater, and hospital effluent com-
pared with the control test. This reduction can be attributed to the presence of competing
ions, bicarbonate, hardness-related species, dissolved organic matter, salts, pharmaceu-
ticals, surfactants, and other coexisting contaminants that may block active sites or alter
metal speciation (Table S6). The stronger effect observed in the hospital effluent reflects the
greater complexity of this matrix. Overall, Mg-Fe-LDH@HC maintained relevant adsorp-
tion performance under interfering-ion and real-water conditions, although the decrease
in Qe confirms that matrix composition must be considered for practical water treatment
applications [45].

3.9. Proposed Adsorption Mechanism

The adsorption pathway of Cd(II) and Zn(Il) onto Mg-Fe-LDH@HC was interpreted
from the combined evidence obtained from pH-dependent adsorption, surface charge
behavior, hydrolysis speciation, kinetic modeling, bicomponent equilibrium analysis,
competitive mixture experiments, thermodynamic assessment, and FTIR analysis after
adsorption-regeneration cycles (Figure 10). Therefore, the mechanism discussed here
should be understood as an evidence-supported interpretation of the adsorption behavior
rather than as the direct confirmation of individual elementary mechanisms.
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Figure 10. Proposed adsorption pathway for Cd(II) and Zn(II) on Mg-Fe-LDH@HC under bicom-
ponent conditions, including external mass transfer, adsorption on heterogeneous surface domains,
diffusion-associated resistance, competitive site occupation and possible secondary contributions
associated with the LDH phase.

At pH 6.75, Mg-Fe-LDH@HC is above its pHpzc, which favors the deprotonation
of hydroxylated and oxygenated surface groups. Under these conditions, hydrolysis
speciation analysis indicated that Cd(II) and Zn(Il) remain predominantly as dissolved
divalent species. Therefore, massive hydroxide precipitation is not expected to be the
dominant removal route.

The characterization of Mg-Fe-LDH@HC supports the presence of chemically diverse
surface domains. The HC matrix provides oxygenated functionalities, while the Mg—
Fe-LDH phase provides hydroxylated Mg/Fe regions, carbonate domains, and metal-
oxygen environments. These domains can provide non-equivalent interaction regions
for metal retention. In LDH-based adsorbents and LDH-carbonaceous composites, the
participation of hydroxylated, oxygenated, carbonate, and metal-oxygen domains in the
retention of toxic metals has been reported [36,39,46,47]. However, in the present study,
specific pathways such as surface complexation and ion exchange cannot be affirmed as
confirmed mechanisms, since no post-adsorption XPS or direct quantification of exchanged
interlayer species was performed.

The kinetic results indicate that the adsorption of Cd(Il) and Zn(Il) occurred through
a multistage process. Rapid initial uptake can be associated with external mass transfer
and occupation of easily accessible surface sites. The subsequent slower stage indicates
the contribution of diffusion-associated resistance or progressive access to less available
adsorption domains. However, the Weber-Morris analysis showed a multilinear behavior
and the adjusted lines did not pass through the origin. Therefore, intraparticle diffusion
cannot be considered the only rate-controlling step and the data do not allow confirmation
of intraparticle diffusion as an independent control mechanism. Kinetic behavior is best
described as a combined process involving external surface uptake, diffusion-associated
resistance, and heterogeneous surface interactions.

The results of bicomponent equilibrium and mixture design also showed that Cd(II)
and Zn(II) did not behave as independent solutes. The better performance of heteroge-
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neous equilibrium models, particularly DLM and Extended Sips, indicates that adsorption
occurred on non-equivalent domains and not on a homogeneous surface with identical
sites. In addition, the mixing experiments showed that increasing the Cd(Il) fraction pro-
gressively reduced the adsorption of Zn(Il), indicating an antagonistic competition between
both divalent cations for partially shared adsorption domains. This competitive response
was more relevant than temperature within the evaluated range, which is consistent with
the limited variation in Qe and with the moderate apparent thermodynamic parameters.

Thermodynamic evaluation indicated that adsorption was favorable and weakly
temperature-dependent. The negative values of AG® showed that the adsorption of Cd(Il)
and Zn(Il) was thermodynamically favorable under the conditions evaluated. Positive
but moderate values of AH® indicated an apparent endothermic contribution, although
its relatively low magnitude and small variation in Qe with temperature suggest that the
process was not dominated by strong temperature-dependent chemical bonding. Therefore,
the thermodynamic results are more consistent with weak surface interactions and heteroge-
neous adsorption contributions than with a route controlled only by strong chemisorption.

Localized contributions associated with the LDH phase may also play a role, since
Mg-Fe-LDH@HC contains hydroxylated and carbonate regions. However, neither ion
exchange nor surface precipitation can be considered confirmed mechanisms in this study.
Ion exchange would require direct evidence, such as quantification of released interlayer
anions or exchanged species, while surface precipitation would require post-adsorption
evidence of crystalline or amorphous precipitated phases. Since these analyses were not
performed, these contributions are discussed only as possible secondary contributions
associated with the surface environment containing LDH.

FTIR analysis after adsorption and regeneration provides supporting evidence that
major surface domains were affected during Cd(I)/Zn(Il) retention. Changes in the
O-H region, carbonate-associated bands, C-O stretch interval and the M-O/M-O-M vibra-
tion region suggest the involvement of hydroxylated, oxygenated, carbonate and LDH-
associated domains. However, FTIR alone does not allow for the confirmation of specific
coordination, ion exchange, or precipitation reactions. Therefore, FTIR was used as sup-
plementary evidence of surface involvement, and not as direct evidence of individual
adsorption mechanisms.

4. Conclusions

This study demonstrated that Mg—Fe-LDH@HC is a promising hybrid adsorbent for
the simultaneous removal of Cd(Il) and Zn(II) from aqueous bicomponent systems. The se-
lected operating conditions, pH 6.75 and 4 g L~! adsorbent dosage, provided high removal
efficiency while limiting the contribution of uncontrolled bulk hydroxide precipitation.
The pH-dependent behavior and hydrolysis speciation analysis indicated that adsorption-
driven retention at the solid-liquid interface was the dominant removal route under the
evaluated conditions.

Kinetic results showed that Cd(Il) and Zn(II) adsorption occurred through a multistage
process. The rapid initial uptake was associated with external mass transfer and occupation
of accessible surface domains, followed by a slower stage related to diffusion-related
resistance and progressive access to less available adsorption regions. The Weber-Morris
analysis showed multilinear behavior and non-zero intercepts, confirming that intraparticle
diffusion was not the sole rate-controlling step. Therefore, the kinetic behavior should be
interpreted as the result of combined transport and heterogeneous surface interactions
rather than a single controlling mechanism.

Bicomponent equilibrium modeling confirmed the heterogeneous nature of Mg-Fe-
LDH@HC. The Extended Langmuir model showed a weaker fit, whereas DLM and Ex-

https:/ /doi.org/10.3390/w18141658


https://doi.org/10.3390/w18141658

Water 2026, 18, 1658

25 of 28

tended Sips better described the experimental data for both metals. This behavior indicates
that Cd(II) and Zn(Il) adsorption occurred on non-equivalent domains rather than on
a homogeneous surface with identical sites. The apparent thermodynamic parameters
showed negative AG® values and moderate positive AH® values, indicating favorable and
mildly endothermic adsorption with limited temperature dependence.

The competitive mixture experiments confirmed that metal proportion was more
influential than temperature in controlling adsorption performance. Increasing the Cd(II)
fraction progressively reduced Zn(II) retention, revealing an antagonistic interaction be-
tween both divalent cations for partially shared adsorption domains. This finding highlights
the importance of evaluating adsorbents under variable multicomponent compositions,
since single-metal or equimolar systems alone may not adequately represent competitive
aqueous matrices.

The proposed adsorption pathway involves electrostatic attraction, external mass
transfer, adsorption on heterogeneous surface domains, diffusion-related resistance, and
competitive site occupation. However, specific contributions such as surface complexa-
tion, ion exchange, and surface precipitation were not individually confirmed because
post-adsorption XPS, quantification of exchanged species, and direct identification of pre-
cipitated phases were not performed. Therefore, these processes should only be considered
possible secondary contributions. Overall, Mg-Fe-LDH@HC showed stable and relevant
adsorption performance under bicomponent conditions, but future studies should in-
clude direct post-adsorption surface characterization, expanded real-matrix validation, and
continuous-flow assays to better assess its practical application in mixed-metal wastewater
treatment. The reuse, leaching, interfering-ion, and real-matrix assays further showed that
Mg-Fe-LDH@HC maintained relevant performance under more demanding conditions,
although matrix composition and long-term stability should be further evaluated before
practical implementation. In addition, batch-to-batch material variability without fresh
structural validation should be considered a potential limitation for large-scale upscaling
of Mg-Fe-LDH@HC.
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consecutive adsorption-desorption cycles; Figure S7: Effect of representative interfering ions on
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water matrices; Table S1: Parameters of the kinetic models used to describe Zn(Il) adsorption;
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Abbreviations

The following abbreviations are used in this manuscript:

HC Hydrochar
LDH Layered double hydroxide
Mg-Fe-LDH Magnesium-iron layered double hydroxide
Mg-Fe-LDH@HC Hydrochar functionalized with magnesium-iron layered double hydroxide
Cddn Cadmium ion
Zn(II) Zinc ion
SEM Scanning electron microscopy
EDS Energy-dispersive X-ray spectroscopy
SEM-EDS Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
XRD X-ray diffraction
FTIR Fourier-transform infrared spectroscopy
TEM Transmission electron microscopy
BET Brunauer-Emmett-Teller surface area analysis
XPS X-ray photoelectron spectroscopy
TGA Thermogravimetric analysis
pHpzc pH at the point of zero charge
ICP-OES Inductively coupled plasma optical emission spectrometry
PFO Pseudo-first-order
PSO Pseudo-second-order
DLM Double-layer model
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