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Abstract: This article presents a study on the development of amorphous aluminophos-
phate (Am-AIP) and silico-aluminophosphate (Am-SiAlP) materials for the removal of
cadmium (Cd) from wastewater. Cadmium is a toxic heavy metal that poses significant
environmental and health risks, and its removal from water sources is crucial. This study
explores the synthesis of these materials, focusing on the impact of silicon content on
their adsorption properties. The materials were characterized using various techniques,
including FTIR, XRD, TGA, and BET analysis, which revealed that the incorporation of
silicon increased the surface area and porosity of the adsorbents, enhancing their cadmium
removal efficiency. The Am-SiAIP (7.5) sample, with a 7.5 mol% Si content, showed the
highest adsorption capacity (52.63 mg g~ !) and removal efficiency (93%). Kinetic studies
revealed that over 90% of cadmium was removed within the first 30 min, indicating rapid
adsorption capabilities. The adsorption process was found to follow a pseudo-second-order
kinetic model, indicating chemisorption as the rate-limiting step. The Langmuir isotherm
model best described the adsorption, suggesting monolayer adsorption of cadmium on the
adsorbent surface. This study also investigated the effect of interfering ions, showing that
while the presence of other ions slightly reduced the adsorption efficiency, the Am-SiAlIP
(7.5) material still performed well. This research concludes that Am-SiAlP materials, partic-
ularly Am-SiAlIP (7.5), are promising adsorbents for cadmium removal due to their high
efficiency, cost-effectiveness, and environmental friendliness.

Keywords: heavy metal; cadmium; amorphous aluminophosphate; silicoaluminophosphate;
adsorption

1. Introduction

Accelerated industrial growth and urbanization have precipitated severe environmen-
tal degradation, with heavy metal (HM) contamination emerging as a critical concern [1].
Defined by elevated atomic weights and densities (>5 g/cm?3), HMs such as cadmium (Cd),
arsenic (As), lead (Pb), mercury (Hg), and chromium (Cr) are non-biodegradable, persistent
in ecosystems, and prone to bioaccumulation, posing substantial risks to human health
and ecological stability [2]. While natural phenomena like volcanic eruptions contribute
marginally to HM dispersion, anthropogenic activities—mining, metallurgical processes,
industrial waste discharge, vehicular emissions, and intensive agriculture—are the predom-
inant sources [3]. The pervasive accumulation of HMs in aquatic environments threatens
biodiversity and necessitates urgent remediation strategies.
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Cadmium, in particular, exhibits exceptional ecological toxicity due to its ionic mimicry
of calcium, enabling substitution in mineral matrices via shared ionic radii and charge char-
acteristics [4]. Its environmental persistence and mobility—amplified by runoff, irrigation,
and sedimentation—facilitate bioaccumulation in the food chain, culminating in severe
human pathologies such as itai-itai disease, renal dysfunction, bone demineralization, and
carcinogenesis [5]. Regulatory bodies like the EU and WHO have established stringent
thresholds for Cd in water systems (0.08-27 ug/L and 3 ug/L, respectively), reflecting the
gravity of its environmental impact [6].

To mitigate HM pollution, technologies such as co-precipitation, ion exchange, mem-
brane filtration, and adsorption have been advanced [7,8]. Adsorption, however, dominates
due to its operational simplicity, cost-efficiency, and adaptability in adsorbent design (e.g.,
carbonaceous substances, biopolymers, zeolites, and metal-organic frameworks) [9,10].
Recent innovations include magnetic composites and functionalized aluminophosphates,
which offer scalable and regenerative solutions for Cd sequestration [11,12].

Amorphous aluminophosphates (Am-AlP) and silico-aluminophosphates (Am-SiAlIP)
represent a sustainable class of porous adsorbents, synthesized without toxic surfactants or
extreme conditions [13,14]. Their high surface area and tunable porosity enhance catalytic
performance in organic syntheses (e.g., transesterification), yet their application in HM
adsorption remains underexplored [15]. Metal doping (e.g., Fe** in Am FeAlIP) modifies
pore architecture and surface chemistry, improving Cd adsorption kinetics and capacity
beyond crystalline analogs [16].

This study synthesizes and characterizes Am-AIP and Am-SiAIP materials, opti-
mizing silicon content (Si/ Al ratio) to assess their Cd removal efficiency. Experimental
variables—contact time, temperature, and Si incorporation—were systematically evaluated
to elucidate their effects on adsorption performance.

2. Materials and Methods
2.1. Materials

Aluminum nitrate nonahydrate, sodium silicate solution (5i0,~26.5%), 85 weight %
phosphoric acid, 25% ammonium hydroxide solution, and cadmium nitrate tetrahydrate
were all purchased from Sigma Aldrich, Dorset, UK.

2.2. Material Preparation
22.1. Am-AIP

Amorphous aluminophosphate (Am-AlIP) was synthesized via a co-precipitation
method adapted from the literature [13]. The protocol involved dissolving 20 g of aluminum
nitrate nonahydrate in 400 mL of distilled water under magnetic stirring. Once fully
dissolved, 3.61 mL of phosphoric acid was introduced to maintain a 1:1 Al:P molar ratio,
followed by 10 min of continuous agitation. The pH was then adjusted to 7.0-7.5 by
dropwise addition of ammonium hydroxide, triggering the formation of a dense white
precipitate. This precipitate was aged in its mother liquor for 2 h, vacuum-filtered, and
repeatedly rinsed with distilled water. The filtered solid was oven-dried at 60 °C for
6 h and subsequently calcined in a muffle furnace at 300 °C for 5 h to yield the final
amorphous product.

2.2.2. Am-SiAlIP

Amorphous silico-aluminophosphates (Am-SiAlP) were prepared using a procedure
analogous to that employed for Am-AIP synthesis, with sodium silicate introduced as
a silicon source before ammonium hydroxide addition. The silicon-to-aluminum molar
ratios tested were 0.025:0.975, 0.05:0.95, 0.075:0.925, and 0.100:0.900. To create the Am-
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SiAlP (2.5) variant (0.025:0.975 ratio), 0.16 g of sodium silicate was mixed with 19.31 g of
aluminum nitrate and 3.61 mL of phosphoric acid in 400 mL of distilled water. Five batches
of adsorbent were produced, labeled as Am-SiAIP (xx), where “xx” represents the silicon
content in mol percent. For example, a silicon-free sample (0:1 ratio) was termed Am-AlIP,
while the 0.025:0.975 ratio sample was labeled Am-SiAIP (2.5). All synthesized materials
underwent calcination at 300 °C for 5 h to yield the final product.

2.3. Material Characterization

The surface functional groups of the synthesized Am-AIP and Am-SiAIP adsorbents
were analyzed using Fourier Transform Infrared (FT-IR) spectroscopy (PerkinElmer Spec-
trum 100, PerkinElmer, Shelton, CT, USA) to identify key chemical moieties. Powder
X-ray Diffraction (PXRD) (PANalytical X'pert Pro, Cu K« radiation, A = 0.154056 nm) was
employed to determine crystallinity, phase composition, and structural integrity. Thermo-
gravimetric analysis (TGA) (TA Instruments Q500) assessed thermal stability by heating
samples to 700 °C at 10 °C/min under nitrogen, monitoring mass loss associated with
decomposition. Brunauer-Emmett-Teller (BET) surface area and porosity were quanti-
fied via nitrogen adsorption-desorption isotherms at 77 K using a Micromeritics TriStar
II 3020 (Malvern Panalytical, Freat Malvaen, UK). Finally, Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES) (Thermo Scientific iCAP 7400, Thermo Scientific,
Cheshire, UK) precisely measured cadmium concentrations in aqueous solutions before
and after adsorption experiments.

2.4. Evaluation of Effect of Silicate Concentration on Adsorption Performance

To assess the adsorption efficacy of each material, 50 mg of the adsorbent was intro-
duced into 20 mL of a 100 ppm cadmium solution. The mixtures were continuously shaken
for 6 h to maximize contact between the adsorbent and cadmium ions. Post adsorption,
1 mL aliquots were extracted from each sample, diluted tenfold, and analyzed via Induc-
tively Coupled Plasma Optical Emission Spectrometry (ICP-OES) to quantify the residual
cadmium ion concentration in the solution. The removal efficiency was determined from

%R = (C" _ Ce) x 100 1)
Ci

The cadmium adsorption capacity was calculated from the following equation:

(Ci — Cg) 14

gi= @

In Equations (1) and (2), C; and C, are the liquid-phase concentrations of cadmium
initially and at equilibrium respectfully and both measured in mg L~!. V is volume
of synthetic wastewater solution (L) and m is the mass of dry adsorbent used for the
experiment in grams. Sample with the highest removal efficiency was used in the detailed
adsorption study outlined below.

2.4.1. Isotherm Study

The Cd?* adsorption isotherm for Am-SiAlIP (7.5) was studied by adding 0.05 g of
the adsorbent to 20 mL cadmium solutions with initial concentrations between 250 and
800 ppm in separate glass vials. Seven vials, each containing a different Cd?* concentration,
were placed in water baths maintained at controlled temperatures (room temperature,
30 °C, 40 °C, 50 °C, and 60 °C). A magnetic hotplate stirrer (Radleys) beneath the baths
regulated the temperature while maintaining a constant stirring speed of 200 rpm. After
48 h, the samples were collected for concentration analysis.
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2.4.2. Adsorption Kinetics

The adsorption kinetics of Cd?* by Am-SiAlP (7.5) were studied using a constant
biosorbent dosage. A precisely measured amount of the adsorbent was introduced into
300 mL of a 300 ppm cadmium solution, resulting in a dose of 2.5 g L~!. The mixture was
stirred at 200 rpm on a Radleys hotplate at room temperature for 6 h. Aliquots (0.1 mL)
were taken at specified time intervals for subsequent concentration analysis.

2.4.3. Effect of Background Ions

Different salts were added to a cadmium solution with a concentration of 100 ppm to
study the effect of other ions on cadmium removal. The experimental conditions were as
follows: salt concentrations of 0.1 mol L~! (NaCl, NH,Cl, K,SO4, NaHCO3, and a blank);
initial Cd(II) concentration of 100 ppm; shaking time of 3 days at 110 rpm; Am-SiAlP (7.5)
dosage of 1.0 g L™!; and room temperature.

2.4.4. Influence of Other Metal Ions

A measurement of 0.1 g of the Am-SiAIP (7.5) adsorbent particles was added to
each of six vials containing 50 mL of solution, with equimolar concentrations (50 mg/L)
of the following binary combinations of metal ions: Cd**-Ca?*, Cd**-Mg?*, Cd**-Fe?",
Cd?*-Pb?*, and Cd%?*-Zn2*. After a contact time of 24 h, the concentrations of the remaining
metal ions were determined using inductively coupled plasma (ICP) analysis. The uptake
of Cd?* from each binary solution, denoted as g}, was compared with the uptake from a
solution containing 50 mg L~! of Cd?* only.

2.4.5. Regeneration and Reusability Study

For the regeneration experiment, the metal ion-loaded Am-SiAIP (7.5), obtained by
filtration from the Am-SiAlIP (7.5)/metal solution at room temperature (20 °C) following
the adsorption process, was rinsed three times with distilled water to remove physically
adsorbed metal ions. Subsequently, the washed Am-SiAIP (7.5) was introduced into 100 mL
of eluent (0.1 mol/L HCI, NaOH, or EDTA). The mixture was then shaken for 6 h, after
which magnetic separation was employed to recover the solid. The supernatant was
subsequently collected and analyzed. The regeneration efficiency of the adsorbent (AR, f)
and the corresponding metal recovery efficiency (MR, ) were calculated as follows:

Regenerate adsorbent mass

AR,f =
off Original adsorbent mass

x 100% (3)

Amount of Metal ions recovered
R,¢r = 100% 4
M ff ~ "Amount of metal ions adsorbed x 100% @

2.5. Statistical Analysis

The root mean square RSME was employed as a test statistic to analyze the data set to
confirm the best fit model for the adsorption system. The calculated expression for RMSE
can be written as follows:

2
RMSE = \/ y W 5

where g, ., is the calculated amount of Cd?* uptake on the adsorbent obtained by calcu-
lation from the different models and g exp is the value determined from experiments, N
is the number of observations and p is the number of parameters in the model. A smaller
value of RSME indicates a better fit of the model to the experimental date whilst a large
value of RSME indicates that the model is not fit for the model.
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3. Results and Discussion
3.1. Characterization of Samples

The FT-IR spectra of the materials (Figure 1) exhibit distinct absorption peaks asso-
ciated with key functional groups. A broad band spanning 2700-3600 cm™~! corresponds
to O-H stretching vibrations, signifying the presence of surface hydroxyl groups (Si-OH,
Al-OH) and adsorbed water [17]. Additionally, prominent peaks near 1034-1047 cm ! arise
from Si-O stretching vibrations in the silicate tetrahedral framework, reflecting variations
in network bonding configurations [18].
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Figure 1. (a) FTIR spectra of sample Am-SiAlIP (7.5) before and after adsorption. (b) Thermo-
gravimetric analysis of Am-SiAlIP (7.5) obtained using a heating rate of 10 °C/min. The dashed line
represents the derivative of the sample weight.

The FI-IR spectra in Figure 1a display characteristic absorption bands associated with
different functional groups. The broad absorption region between 2700 and 3600 cm ™!
arises from O-H stretching vibrations, confirming the presence of surface hydroxyl groups
(Si—OH; Al-OH) and adsorbed moisture [17]. A sharp peak at 1115 cm ! corresponds to
asymmetric POy tetrahedral vibrations, characteristic of phosphate groups. Weak bands
near 1640 cm~! further indicate adsorbed water molecules [19]. Notably, the altered
intensity and disappearance of specific peaks after adsorption reveal interactions between
the functional groups, adsorbate, and water molecules. These spectral modifications
suggest that adsorption modifies the material’s vibrational properties [20].

Thermogravimetric analysis (TGA) was performed to evaluate the material’s thermal
stability by measuring weight loss during controlled heating. The experiment, conducted
under inert atmosphere up to 700 °C (Figure 1b), revealed three distinct thermal regimes. An
initial 15% mass loss below 190 °C corresponds to physically adsorbed water evaporation.
Subsequent decomposition between 190 and 280 °C suggests a thermal breakdown of
labile functional groups and hydroxyl group condensation, releasing structural water
molecules [7]. Above 280 °C, the constant mass indicates thermal stability, demonstrating
the material’s structural integrity at elevated temperatures.

The synthesized materials’ surface characteristics were evaluated through nitrogen
adsorption—-desorption measurements using the BET method (Table 1). As established in
the literature, surface properties such as specific area and porosity play a crucial role in
governing adsorbent-adsorbate—solvent interfacial interactions [21]. Our measurements
revealed consistently high BET surface areas (131-183 m?/g), aligning with previous reports
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by Hamza et al. [13]. A clear increasing trend in surface area was observed with silicon
incorporation—pristine Am-AIP showed 121.5 m? /g, while silicon-substituted Am-SiAlP
demonstrated a maximum surface area of 183 m? /g, highlighting the beneficial effect of
silicon doping on textural properties.

Table 1. BET surface area for various adsorbent materials with different silicon contents.

Adsorbent BET Surface Area Average Pore Pore Volume
(m? g1 Width (A) cm? g1
Am-AIP 1215 222.5 0.596
Am-SiAIP (2.5) 1315 216.5 0.388
Am-SiAlP (5.0) 173.3 210.0 0.723
Am-SiAlP (7.5) 183.0 173.9 0.659
Am-SiAlIP (10.0) 131.5 220.1 0.645

The BET isotherms for the five samples are presented in Figure 2. An H3 hysteresis
loop is exhibited by the adsorption—desorption isotherms, which is indicative of flaky
particles with slit-shaped, elongated, and narrow pores. This behavior is characterized as
being typical of materials possessing both mesoporous and macroporous features [22].
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Figure 2. (a—e) N, adsorption—-desorption isotherm of the adsorbent samples at 77 K. (f) Correlation
between BET surface area and adsorption efficiency of the samples.

Overall, an increase in the BET surface area of the materials was observed with the
molar percentage of silicon incorporated into the aluminophosphate (AIP) framework.
However, when the Si content was increased beyond 7.5 mol% relative to the Al content,
no further enhancement in the total surface area was achieved. In fact, pore blockage
was caused by an increase to 10 mol% Si, leading to a reduction in the surface area for
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Am-SiAIPO (10). Notably, a similar trend was observed in the adsorption efficiency of the
adsorbent materials, which will be discussed in detail in subsequent sections.

It was reported by Hamza et al. [13] that the pore structure is modified, the pore
diameter is enhanced, and the total pore volume is increased by heteroatom incorporation
in amorphous aluminophosphate. This effect was found to be particularly pronounced
when the heteroatom or metal was trivalent or tetravalent, as opposed to bivalent metals. It
is hypothesized that some degree of pore expansion is induced upon incorporation of Si into
the aluminophosphate network to accommodate the heteroatom. The structural flexibility
of amorphous aluminophosphate is highlighted by this behavior, which is comparable to
the adaptability observed in zeolitic frameworks [23].

The correlation between the textural properties and the adsorption efficiency of the
different samples is illustrated in Figure 2f. As shown in Figure 2f, an increase in adsorption
efficiency from approximately 76% to 93% was observed as the surface area of the samples
was raised from 121.5 m? /g to 185 m? /g. This trend is aligned with findings in the literature;
for instance, a similar increase in removal efficiency of Cr®* with increasing surface area
was observed by Campbell et al. [24] in various coffee-based activated carbons. The pore
size distribution of the samples is provided in the supplemental information as Figure S1.

The PXRD profiles of Am-AIP and Am-SiAlP materials were recorded, and the corre-
sponding patterns are presented in Figure 3.

Am AIP
Am SIAIPO(7.5)

31.60

33.25

/
/| WS
/ Nt e
.

Relative Intensity(-)

20 (degrees)

Figure 3. XRD patterns of Am-AlP. and Am-SiAIPO (7.5) before and after adsorption of Cd?* from
wastewater sample.

These materials exhibit an amorphous nature and a low degree of crystallinity, as
evidenced by a broad peak in the 26 range of 2040 degrees, which aligns with findings
reported in the literature [20,25]. Additionally, peaks corresponding to the Berlinite phase
were observed at 20 values of 18.2, 22.2, 28.8, 31.3, 31.6, 33.25, 35.35, 36.7, 38.5, 39.0, 40.2,
4425, and 46.0, consistent with previous studies [13].

Figure 4 presents a comprehensive elemental analysis from the cadmium adsorption
study. The EDAX map spectrum in Figure 4a reveals the presence of several elements on the
adsorbent surface following Cd** adsorption, with spectral peaks corresponding to Si, Al, P,
Ca, O, and, notably, Cd. The SEM image in Figure 4b depicts the morphological structure of
the adsorbent post-adsorption, while the elemental mapping images (Figure 4c—g) illustrate
the spatial distribution of Si, Al, P, Cd, and O across the surface.



Separations 2025, 12, 128

8 of 20

Electron Image 1
B Map Sum Spectrum
Wt% o
589 11
157 03
153 03
74 14
14 12
09 0.1
0.0

(d) (e) (f) (®)

Figure 4. Elemental and morphological characterization of the adsorbent following Cd?* adsorption.
(a) EDAX spectrum showing the presence of Si, Al, P, Ca, O, and Cd on the adsorbent surface;
(b) SEM image illustrating the surface morphology post-adsorption; (c-g) elemental mapping images
depicting the spatial distribution of (c) Si, (d) Al (e) P, (f) Cd, and (g) O across the surface of
the adsorbent.

The SiAIP material appears to be an aluminosilicate-based adsorbent modified
with phosphorus. Similar materials have been studied by [26], who demonstrated that
phosphorus-modified aluminosilicates can significantly enhance heavy metal removal via
multiple mechanisms, including ion exchange, complexation, and precipitation. The ele-
mental maps showing co-localization of Cd with Al and P suggest potential complexation
mechanisms. This observation is consistent with the findings of [27], who reported that
phosphorus-rich binding sites in modified adsorbents tend to form stable complexes with
cadmium ions, thereby improving removal efficiency.

The successful adsorption of Cd?* onto the adsorbent surface was further confirmed
by SEM-EDX analysis. The map-sum spectrum of detected elements, shown in Figure 4,
indicates that approximately 0.9% of Cd was present on the surface. This value is lower than
that determined from batch adsorption experiments, which is expected, as only a fraction
of the adsorbed cadmium resides on the surface, with the remainder likely located within
the internal pores of the adsorbent. This observation is in agreement with the findings
of [24], who reported a similar distribution pattern in hierarchical porous materials, where
a significant portion of heavy metals is retained within internal pore structures.

3.2. Adsorption of Cd from Aqueous Solution
3.2.1. Effect of Silicon Content on Removal Efficiency

The adsorptive removal of Cd from wastewater was investigated using Am-AIP and
Am-SiAIP materials as adsorbents, following the procedure outlined in the Experimental
Section. As shown in Figure 5, all adsorbent materials studied in this work demonstrated
activity towards Cd removal. Notably, the presence of silicon (Si) in the aluminophosphate
(Am-AIP) significantly enhanced cadmium (Cd) removal efficiency. A clear trend emerged
indicating that the percentage of Cd removal increased with higher molar ratios of Si in
the aluminophosphate. For instance, the removal efficiency for samples without Si was
approximately 76%, which improved to about 84% and 93% for samples with molar ratios
of 2.5 and 7.5, respectively. The Am-SiAlP (7.5) sample exhibited the highest percentage of
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cadmium ion removal among all materials studied. However, increasing the molar ratio
from 7.5 to 10 did not yield any further improvement in removal efficiency.

100 L] L L] L) L)

Removal Efficiency (%)

\3 ) ) ) )
P o & e07
s AP \a AP N
e 6"6 «\.‘5 SN
s ny P s 6,,@
Adsorbent Sample

Figure 5. Comparison of the different adsorbent materials. All experiments were conducted using
cadmium solutions with initial concentration of 100 ppm and adsorbent dosage of 2.5 g L.

The increased affinity of Si-containing AIP can be attributed to the enhanced surface
area and porosity of these materials. Generally, three major steps are involved in any
adsorption process onto a solid adsorbent: (1) transport of the adsorbate/pollutant from
the medium (in this case, Cd from an aqueous solution); (2) adsorption of the pollutant
onto the solid surface; (3) transport of the pollutant within the adsorbent particle.

A higher surface area of the adsorbent improves the accessibility of Cd to the active
sites, resulting in better interactions between heavy metal contaminants and these active
sites [15,28]. Another benefit of incorporating Si into AIP is the potential formation of
Brensted acidic sites through the isomorphic substitution of Al by Si, a phenomenon
also observed in zeolites and silicoaluminophosphates [29]. Additionally, the presence
of surface silanol (Si-OH) groups in Am-SiAlP is weakly acidic, which enhances the
interaction between the pollutant Cd and the adsorbent. The trends observed in this study
align with other results reported in the literature [30]. The improvement in removal capacity
could be attributed to changes in the surface structure of the adsorbent material upon the
introduction of silicon.

3.2.2. Contact Time and Kinetics of Adsorption

Since Am-SiAIP (7.5) was identified as the most effective adsorbent in the previous
set of experiments, this material was employed to investigate the effect of contact time
between the adsorbent and the pollutant medium on the removal efficiency of Cd?*. The
results are presented in Figure 6.
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Figure 6. Cd?* removal as a function of contact time, dose 1.0 g/L; initial concentration of Cdzt
0.89 mmol/L.

Figure 6 illustrates the removal efficiency of Cd>* by Am-SiAIP (7.5) over time, demon-
strating a characteristic two-phase adsorption process. During the first 15 min of the
adsorption process, 86% of cadmium was removed, with the rate slowing thereafter until
equilibrium was attained within ~30 min. This distinctive kinetic profile can be explained
through examination of recent literature on similar adsorption systems.

The rapid initial uptake observed in Figure 6 aligns with findings by [31], who studied
porous clay-based materials with comparable composition to Am-SiAlP (7.5). Their research
demonstrated similar rapid kinetics for Cd?* removal, attributing this phenomenon to the
high ion exchange capacity and accessible surface sites of silicon aluminum phosphate
structures. This corroborates our observation that the swift adsorptive removal of cadmium
ions can be attributed to the initial abundance of active sites available for adsorption.

The two-phase adsorption pattern evident in Figure 6 is consistent with mechanisms
described by [32] in their study of functionalized clay adsorbents. They observed approx-
imately 80% removal of Cd?* within the first 20 min, followed by a slower approach to
equilibrium—a pattern remarkably similar to our findings. The experimental data reveal
that after ~30 min of contact time, surface adsorption sites reach saturation, and the domi-
nant mechanism transitions to intra-particle diffusion of Cd?* ions from the outer to inner
regions of the adsorbent.

The high removal efficiency (>95% at equilibrium) demonstrated by Am-SiAIP (7.5) in
Figure 6 compares favorably with other advanced adsorbents reported in the literature. Li
et al. achieved similar removal efficiencies using zeolite-supported nanoscale zero-valent
iron, but required longer contact times to reach comparable removal percentages [33].
Our kinetics data also align with the findings of [34], who demonstrated that materials
with multiple active sites exhibit this characteristic rapid initial uptake followed by a
diffusion-limited approach to equilibrium. The phosphoric acid-based materials studied
by [35] similarly showed rapid adsorption kinetics, though with lower overall efficiency
than our Am-SiAlIP (7.5) adsorbent. Ref. [36] similarly observed initial rapid adsorption
phases followed by slower equilibrium approaches in their studies of metal ion removal,
albeit using different adsorbent materials. Their mechanistic explanations regarding the
transition from surface adsorption to intraparticle diffusion support our interpretation of
the kinetic data presented in Figure 6.
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3.3. Adsorption Kinetics Modeling

The kinetics of the adsorption process were evaluated through application of several
kinetic models. The pseudo-first-order (6), pseudo-second-order (7), Elovich (8), and
Modified Freundlich (9) models were employed to determine the relevant adsorption
kinetic parameters [36]:

qr = qe (1 — e*"lt) (6)
ko2t

_ 7

9= 7 P (7)

t
qt = Gref (1 + R In <tf>> 8)

In Equation (8), gy, is the equilibrium adsorption capacity (the maximum amount of

adsorbate retained per unit mass of adsorbent) attained at a reference time point t,.¢, the
1
qre f b

parameter R is given as Rg =
gt = koCot" ©)

The Cd?* removal efficiency of the Am-SiAlP (7.5) adsorbent as a function of contact
time is illustrated in Figure 7. The cadmium removal rate is highest during the initial stages,
attributed to the greater availability of the adsorbent’s surface area for cadmium adsorption
at the beginning of the process.

0.4 T T T T T T T

0.35
==~ _g---0---0

0.3

0.25

qe(mmollg)
o
N

0.15 b

0.1k O Exp. i
Pseudo 1st Order
= = =—Pseudo 2nd Order
0.05 Elovich
Modified Freundlich
0 50 100 150 200 250 300 350 400
Time (min)

Figure 7. Kinetics of the cadmium loading on Am-SiAlP (7.5) adsorbent sample. All experiments
were conducted using cadmium solutions with initial concentration of 100 ppm and adsorbent dosage
of 2.5 g/L.

Non-linear regression on the kinetic data was performed on the date to obtain the
kinetic model parameters using a bespoke code written in MATLAB version 2024a. The
kinetic parameters are listed in Table 2. Comparison between the models was conducted
using the Root Mean Sum Error. As can be seen, the pseudo second order model was
the best among both models to describe kinetic experimental data because of the highest
correlation coefficients (R? > 0.990) and the least values of RMSE. The results indicated
that the rate controlling step in Cd?* removal was formation of chemi-sorptive bonds of
between Cd?* species and the adsorptive sites on the adsorbent surface which involves
valence forces through sharing or exchanging electrons between adsorbent and adsorbate.
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Table 2. Kinetic parameters for the removal of cadmium.

Model Parameter Value
Kq (min—1) 0.52 +0.16
Pseudo 1st-order model 7(mgg) 3620 = 1.80
RMSE 2.48
R? 0.96
ky (g mg~!min~1) 0.02 + 0.01
ge(mgg™) 36.60 4 1.20
Pseudo 2nd order model h (mg g~ 'min~—1) 1.53 £0.05
RMSE 2.72
R? 0.95
Gref(mg g~) 40.20 £ 5.20
Rg () 0.07 4 0.03
Elovich b (gmg!) 0.34 + 0.04
RMSE 5.04
R? 0.61
ko (L (g min—™)~1) 27.20 + 6.90
Modified Freundlich Kinetic n () 009+ 005
RMSE 5.12
R? 0.81

3.4. Isotherm Analysis

The investigation of adsorption isotherms is essential for characterizing the equilib-

rium distribution of adsorbate molecules between the solid and liquid phases. In this study,

the equilibrium data were analyzed using both Langmuir and Freundlich isotherm models.

The Langmuir isotherm model is expressed mathematically as follows:

_ qm bC,
9= 1+ bC,

(10)

In Equation (10) g, and b are the Langmuir constants related to maximum monolayer

adsorption capacity and energy of adsorption, respectively.

The Freundlich isotherm represents an empirical model frequently employed for

characterizing adsorption phenomena. This model is mathematically expressed as follows:

1
Je = kfcen

(11)

where ky denotes Freundlich adsorption capacity parameter, and n represents the adsorption
intensity factor. Equation (12) represents the Sips isotherm models, respectively.

1

- Gmax,sKs cr

e T
1+ (KCe)

(12)

Non-linear regression of the different isotherm models to the experimental data ob-

tained at room temperature using a custom MATLAB code are presented in Figure 8. The

isotherm model parameters obtained for the non-regression fitting are presented in Table 3.
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Figure 8. Cadmium adsorption isotherms on Am-SiAlIP (7.5) at 298 K (adsorbent dose: 1 g L1,
natural pH).

Table 3. Summary of parameters of the different isotherm models for cadmium adsorption on the
Am-SiAlP (7.5) at different temperatures.

Temperature (°C)

Model Parameters
20 40 60
b (ngfl) 0.10 + 0.07 0.12 £+ 0.08 0.07 &+ 0.04
Langmuir Gmax (mg g_l) 55.90 &+ 13.20 66.50 + 16.90 103.20 + 15.10
RMSE 5.47 453 7.67
R2 0.892 0.87 0.90

1
n

ke((mgL~1)7) 12804210 20224200 17.79 + 3.60

Freundlich n(—) 345+ 0.5 4.28 + 0.53 2.561 + 0.53
RMSE 5.80 9.70 9.40
R? 0.88 0.74 0.89

ke (L mgl =) 0.15 + 0.05 0.10 £ 0.05 0.09 + 0.05

m(—) 0.41 + 0.05 1.02 + 0.05 0.77 + 0.05

Sips Gmavs(mgg™1)  103.9+13.6  66.07+£1690  122.20 £ 15.10

RMSE 7.04 8.01 10.42
R? 0.88 0.87 0.91

The adsorption isotherms of Cd?* on the Am-SiAIP (7.5) at 20, 40, and 60 °C were
acquired at natural pH of cadmium solution. The adsorption capacities of cadmium (Cd?*)
on the Am-SiAlP (7.5) adsorbent, as presented in Table 3 of the article, were evaluated
using Langmuir, Freundlich, and Sips isotherm models. The Langmuir model provided the
best fit for the adsorption data, indicating that the process likely occurs through monolayer
adsorption on homogeneous sites. The maximum adsorption capacity (gmax) of Am-SiAlP
(7.5) was found to be 55.9 mg g~ ! at 20 °C, 66.5 mg g~ ! at 40 °C, and 103.2 mg g~ ! at 60 °C,
demonstrating a clear increase in adsorption capacity with temperature. This suggests
that the adsorption process is endothermic, with higher temperatures favoring cadmium
uptake. The Freundlich and Sips models also provided reasonable fits, but the Langmuir
model’s higher correlation coefficients (R? ) confirmed its suitability for describing the
adsorption behavior.
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The results indicate that Am-SiAlP (7.5) has a high affinity for cadmium, with its
adsorption capacity comparable to or exceeding that of many other adsorbents reported in
the recent literature. For example, a study by [37] on polyethyleneimine-modified activated
carbon reported a cadmium adsorption capacity of 103.18 mg/g, which is similar to the
capacity of Am-SiAlP (7.5) at 60 °C. Another study by [38] on amino-functionalized silica
gel showed a capacity of 49.52 mg g~!, which is lower than that of Am-SiAIP (7.5) at
higher temperatures. Additionally, [39] investigated the removal of cadmium using anion
exchange resins and highlighted the importance of surface functionalization in enhancing
adsorption capacity, a principle that aligns with the findings of this study.

The high adsorption capacity of Am-SiAlP (7.5) can be attributed to its large surface
area, porous structure, and the presence of silicon, which enhances surface functionality
and active sites for cadmium binding. The temperature-dependent increase in adsorption
capacity further suggests that the material could be highly effective in industrial applica-
tions where elevated temperatures are common. These results position Am-SiAlP (7.5) as a
competitive adsorbent for cadmium removal, with potential for further optimization and
application in real-world wastewater treatment scenarios. The data presented in Table 3
and Figure 8 show that the Langmuir model fit the cadmium removal best.

According to the Langmuir equation, the maximum uptake capacity of Cd?* reached
52.63 mg g~ !, when the initial concentration was 100 mg L~!, which are much higher
than that of many of the previously reported adsorption materials shown in Table 4. The
adsorption capacities of various adsorbents for cadmium (Cd?*) removal, as presented in
Table 4 of the article, highlight the competitive performance of the developed amorphous
silico-aluminophosphate (Am-SiAlP) material. The Am-SiAlP (7.5) adsorbent demonstrated
a maximum cadmium adsorption capacity of 52.63 mg g~ !, which is significantly higher
than many other reported adsorbents. For instance, resacetophenone-loaded silica gel and
DHAQ-loaded silica gel showed much lower capacities of 7.01 mg g~! and 7.89 mg g},
respectively. Similarly, thiol-modified silica gel and GASG (a type of activated carbon)
exhibited capacities of 10.43 mg g~ ! and 6.09 mg g, respectively, which are considerably
lower than that of Am-SiAlP (7.5).

Table 4. Comparison of the adsorption capacities of the different adsorbents for the removal of heavy

metal ions.
Adsorbent Material qmaxér;z% g Ref.
Resacetophenone-loaded silica gel 7.01 [40]
DHAQ-loaded silica gel 7.89 [40]
GASG 6.09 [37]
Amino-functionalized silica gel 49.52 [38]
Thiol-modified silica gel 10.43 [41]
NTAA-LCM 143.40 [42]
AC/ZrO composite 166.70 [43]
Silico aluminophosphate 52.63 Current Study

While some materials, such as amino-functionalized silica gel (49.52 mg g’l) and
NTAA-LCM (143.4 mg g~ '), showed comparable or higher adsorption capacities, the Am-
SiAlP (7.5) adsorbent stands out due to its cost-effectiveness, environmentally friendly
synthesis, and high surface area. The AC/ZrO composite, with a capacity of 166.7 mg g~ !,
outperformed Am-SiAlIP (7.5), but its synthesis and application may involve higher costs
or more complex processes. Overall, the Am-SiAIP (7.5) material offers a balanced com-
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Am —SIAIP (7.5)

. Cd2+

bination of high adsorption capacity, ease of synthesis, and environmental sustainability,
making it a promising candidate for cadmium removal from wastewater. Its performance
is competitive with many advanced adsorbents, and further optimization could enhance
its applicability in real-world scenarios.

3.5. Mechanism of Removal of Cd** by Am-SiAIP Adsorbent

The role of active sites and active functional groups present on the surface (including
the porous structure) of the adsorbent can be revealed by the changes in the FTIR peaks.
Changes in the intensity or total disappearance of peaks can indicate the interaction between
cadmium ions and the material surface. From the FTIR results, it is observed that the
intensity of the following peaks has decreased: Peak at 710 cm ™!, which corresponds to
the asymmetric stretching of O-P-O; sharp peak around 1050 cm ™!, which is related to
Si-O-Si and Si-O-Al stretching vibrations; peak around 1400 cm ™!, which is attributed to
the vibrations of Si-O-Al or Si-O-P bonds, specifically the bending and stretching modes.
Broad peaks from 2700 to 3500 cm~! (bending modes of various hydroxyl groups). It
is also noted that the peak around 820 cm~! (Si-O-Si bending or Si-O-Al stretching) has
completely disappeared. Based on these results and the XRD data, we believe the cadmium
ions interact with these functional groups. The high surface area and porosity of the
material facilitate the high dispersion of active sites throughout the network structure of
silicoaluminophosphates.

A typical aluminophosphate structure consists of PO4 and AlOy tetrahedral units that
share corners through oxygen atoms. When a tetravalent Si atom incorporates into the
AIPO, framework via isomorphous substitution, the silicon atom replaces a phosphorus
atom within the tetrahedral structure. This leads to a partial positive charge on the oxygen
and a partial negative charge on the substituted Si atom, generating Bronsted acid sites.
However, we believe that the abundant, highly dispersed, and varied hydroxyl groups
(Al-OH, P-OH, and Si-OH) present on the surface act as binding sites for heavy metal
cadmium, as reported elsewhere [44-46]. The weak chemical bonds between these hydroxyl
groups are likely responsible for this interaction. We also examined the effect of pH on the
performance of these adsorbent materials and observed better performance at higher pH
(above 5), which is attributed to the significant deprotonation of these hydroxyl groups at
higher pH. The proposed mechanism of removal of Cd?* are summarized in Figure 9.

Interaction with functional
groups

Electrostatic attraction

Pore diffusion and Pore
filling

Figure 9. Mechanism of Cd?* by Am-SiAlP (7.5) adsorbent.
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3.6. Influence of Background Ions on Cd?* Removal

The interfering ion study was conducted to assess the effect of competing ions on Cd**
adsorption. As illustrated in Figure 10, all tested ions exhibited inhibitory effects, with
K;504 showing the most pronounced impact—decreasing adsorption efficiency from 93.8%
to 83% (a >10% reduction). The remaining three ions caused a consistent 3.8% reduction
in performance.

1.1 T T T T T

[ERN

o
©

Relavite Removal Efficiency (-)
o o
~ ©

o
o

0.5

NH,CI NaCl NaHCO, Ref.

Background lon

Figure 10. Percentage removal caused by interfering ions, with initial concentration of 100 ppm and
adsorbent dosage of 1.0 g/L.

While some studies suggest chloride ions may enhance cadmium removal through
Cd*-Cl~ complexation [39], our observations agree with El-Hefnawy et al. [47], who
documented reduced cadmium adsorption in sulfate- and chloride-containing systems.
This suppression effect was explained by competitive binding between Na* (from dissolved
salts) and Cd?* for active adsorption sites.

Despite the observed 10% reduction in removal efficiency, the performance of the
silicoaluminophosphate adsorbent remains competitive.

3.7. Effect of Presence of Other Metal lons

The presence of competing metal ions in aqueous solutions significantly influences
the adsorption efficiency of cadmium (Cd?*), as demonstrated by the (4./4.) ratios in the
bar graph presented in Figure 11. These ratios compare cadmium uptake in the presence
of other metal ions to uptake in a single-metal solution, with lower values indicating
greater interference. The data show that Zn%* has the least impact on cadmium adsorption,
with a ratio of approximately 0.65. This minimal interference can be attributed to the
chemical similarity between Zn?* and Cd?*, particularly in terms of ionic radius and
hydration behavior, which results in weaker competition for adsorption sites. Similar
trends were observed by Han et al. (2013), who reported efficient cadmium removal even
in the presence of co-contaminants when using biochar as an adsorbent [48]. Zhou (2024)
reported inhibitory the effect of both zinc and lead on the removal of cadmium ions which
concurs with the observations of this study [49].
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Figure 11. Effect of presence of other ions on removal of Cd** from solution.

In contrast, Fe?* and Pb?* exhibit strong interference, with (g./q.) ratios around
0.27 and 0.25, respectively. These metal ions likely have higher binding affinities to the
adsorbent, allowing them to effectively compete with and displace Cd** from active sites.
This observation aligns with the findings of [50], who noted that transition metals such as
Fe?* often outcompete cadmium due to their strong interaction with functional groups on
adsorbent surfaces.

Moderate interference was observed in the presence of Ca?* and Mg?*, with ratios
around 0.55 and 0.52. These alkaline-earth metals, while present in many natural waters,
tend to compete less effectively for adsorption sites due to their larger hydrated radii and
lower binding energies. It has been previously reported that Ca** and Mg?* can reduce
cadmium adsorption, although their interference is generally less pronounced compared to
transition metals, due to their relatively weak interaction with oxide surfaces [51].

Overall, these results emphasize the importance of accounting for background ions
in water treatment processes. The nature and concentration of co-existing metal ions
can significantly impact cadmium removal efficiency, highlighting the need for tailored
adsorbent selection and process optimization in multi-contaminant systems.

3.8. Regeneration and Recovery Study

The adsorption-desorption cycles of Cd** were conducted three times using different
eluents: 0.1 mol/L NaOH, HCI, and 0.1 mol/L EDTA. The regeneration efficiency of the
Am-SiAIP (7.5) adsorbent exceeded 95% for both NaOH and EDTA after three cycles.
However, the efficiency of HCl was notably lower at 59%. The loss of adsorbent could
be attributed to the solubility of aluminum phosphate, a component of the adsorbent, in
HCI. Regarding Cd?* recovery efficiency, NaOH was outperformed by both EDTA and
HCI, which each achieved over 90% recovery after three cycles.

3.9. Limitation of Studies Future Work Suggestions

Future research should focus on expanding the practical applicability and scalability
of amorphous aluminophosphate (Am-AlP) and silico-aluminophosphate (Am-SiAlP) ma-
terials for wastewater treatment. One key area is testing these adsorbents in real-world
wastewater samples, which often contain complex matrices of ions and organic compounds,
to evaluate their performance under more realistic conditions. Furthermore, studies should
evaluate the long-term stability and durability of these materials under varying envi-
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ronmental conditions, such as different pH levels, temperatures, and exposure to other
contaminants, to ensure their robustness in practical applications [47]. Finally, research
should explore the scalability of the synthesis process and conduct pilot-scale testing to
assess the feasibility of using these materials in large-scale wastewater treatment systems.

4. Conclusions

The remarkable cadmium (Cd) removal capacity of amorphous aluminophosphate
and silicoaluminophosphate adsorbents has been demonstrated in this study. The de-
sign strategy was based on the controlled variation of silicon (Si) content within the alu-
minophosphate framework, with the aim of enhancing surface and porous properties of
the adsorbent.

The influence of Si content on physico-chemical properties and adsorption kinetics
was investigated using aqueous Cd?* solutions. The observed variations in Cd removal
efficiency were found to be strongly dependent on surface area, porosity, and Si content.
The adsorption process was determined to follow pseudo-second-order kinetics and was
best described by the Langmuir isotherm model.

Among the tested formulations, Am-SiAIP (7.5) was identified as the most effective
adsorbent, with a maximum removal capacity of 52.63 mg/g being achieved. These eco-
friendly and cost-effective adsorbent materials have been shown to possess significant
potential for heavy metal removal applications. Future investigations will be focused on
evaluating the performance of the selected Am-SiAlP in continuous systems for Cd?* and
other contaminant removal.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/separations12050128 /s1, Figure S1: Pore size distribu-
tion plots of the different adsorbent samples.
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