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Abstract: Adsorption has emerged as a promising method for removing polyphenols in water
remediation. This work explores chlorogenic acid (CGA) adsorption on zeolite-based magnetic
nanocomposites synthesized from rice husk waste. In particular, enhanced adsorbing materials were
attained using a hydrothermal zeolite precursor (Z18) synthesized from rice husk and possessing a
remarkable specific surface area (217.69 m2 g�1). A composite material was prepared by immobilizing
magnetic copper ferrite on Z18 (Z18:CuFe2O4) to recover the zeolite adsorbent. In addition, Z18 was
modified (Z18 M) with a mixture of 3-aminopropyltriethoxysilane (APTES) and trimethylchlorosilane
(TMCS) to improve the affinity towards organic compounds in the final nanocomposite system (Z18
M:CuFe2O4). While the unmodified composite demonstrated inconsequential CGA removal rates,
Z18 M:CuFe2O4 could adsorb 89.35% of CGA within the first hour of operation. Z18 M:CuFe2O4
showed no toxicity for seed germination and achieved a mass recovery of 85% (due to a saturation
magnetization of 4.1 emu g�1) when an external magnetic field was applied. These results suggest
that adsorbing magnetic nanocomposites are amenable to CGA polyphenol removal from wastewater.
Furthermore, the reuse, revalorization, and conversion into value-added materials of agro-industrial
waste may allow the opportunity to implement sustainability and work towards a circular economy.

Keywords: wastewater; chlorogenic acid; adsorption; magnetic nanocomposite; zeolite; rice husk

1. Introduction
Over the last few decades, the disposal of wastewater generated by the food industry

has become a significant environmental concern. Industries such as the wine, coffee, and
olive oil industries produce large volumes of wastewater with an acidic pH and high levels
of organic pollutants, especially polyphenols (PPs). These PPs may negatively impact
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ecological systems [1,2] since their antimicrobial characteristics make them unsusceptible
to biological degradation. Hence, applying contaminated water with PPs in irrigation
systems or disposal into watercourses can unbalance ecosystems. In addition, polyphenols
may be toxic to vegetables and other live organisms [2–4]. Thus, treating wastewater
containing high amounts of PPs has become a significant challenge for water remediation
and the environment. Global organizations such as the US Environmental Protection
Agency (EPA), European Union (EU) and the World Health Organization (WHO) listed
phenolic compounds as priority pollutants to be removed. These agencies recommend
a maximum PP concentration of 1 mg L�1 in wastewater and less than 0.001 mg L�1 in
drinking water [5].

The 5-O-caffeoylquinic acid, CGA, belongs to the polyphenol family and is widely
encountered in various plant-based foods, such as grapes, coffee, and apples [6]. CGA
possesses anti-inflammatory and anticarcinogenic properties [7,8] that make this compound
and its isomers potentially useful for application in pharmaceuticals, food products [9], and
cosmetics [10,11]. In particular, waste stemming from the artichoke [12], coffee [13], olives,
and wine [14] processing industries (produced in droves every year) contains large CGA
amounts. Hence, CGA removal and recovery for reuse from contaminated wastewater
positively contribute to the circular economy perspective. In this context, the adsorption
process is a methodology that contributes to this view since it allows the removal and
recovery of PPs, such as CGA, without molecule degradation in byproducts.

Adsorption with inexpensive materials is considered an essential tool for environmen-
tal remediation. It can be regarded as one of the most efficient and economical techniques to
effectively remove both inorganic and organic pollutants from industrial wastewater [15,16].
The zeolite family stands out among the different adsorbent types due to their high surface
area, regular pore size distribution, ion exchange capacity, and selectivity [17]. In particular,
faujasite (FAU) zeolite possesses a high pore diameter, around 7.4 Å [18], which favors the
adsorption of organic compounds. Naturally, investigating new methods for obtaining
zeolites from industrial residues is a plausible way to accomplish a circular economy and
sustainability by reusing low-value raw materials to produce high-performing adsorbents.
Consequently, the green synthesis of various zeolite types from residues, such as agribusi-
ness, has been constantly studied [19,20]. Rice husk waste contains around 15 to 20% silica
by mass [21] and is an excellent raw material for zeolite production.

Rice is the second most produced cereal in the world, and the current rice husk dis-
posal rate has reached roughly 120 million tons annually [22]. Inadequate management of
rice husks, such as landfilling or open burning, causes serious environmental issues. Rice
husk can be used as a SiO2 source, being a candidate to contribute to commercial silica
supply from agribusiness waste [23–25]. Chat et al. (2022) [26] synthesized zeolite X by
taking advantage of silica extracted from rice husks for the adsorption of propionic acid.
In this study, the authors obtained a silica yield of 23.43%, corresponding to a purity of
81.36% (w w�1). The zeolitic material had a specific surface area of 543.3 m2 g�1, resulting
in an adsorption capacity of 516 mg g�1 concerning propionic acid. In addition, the surface
of zeolite particles can be modified to promote interaction with organic molecules [27].
In this sense, surfactants and organosilanes are remarkably effective in functionalizing
zeolites [28–30]. Hashemi et al. (2019) [31] investigated the adsorption capacity of zeolite
synthesized from natural bentonite in conjunction with cetrimonium bromide (CTAB) modi-
fication to remove contaminants from industrial effluents. The adsorption process achieved
an 89% removal rate of organic pollutants, with an adsorption capacity of 30.87 mg g�1.

However, particulate adsorbent recovery from the aqueous medium is still a challenge.
This fact can make pollutant removal by adsorption unpractical, if not unfeasible. In
particular, obtaining a magnetic nanocomposite system from ferrites has already been
applied to wastewater treatment, which is becoming a promising approach.

Copper ferrite (CuFe2O4) is highlighted among different ferrite types due to its thermal
stability and unique magnetic properties [32]. The spinel structure enhances these magnetic
characteristics, making the CuFe2O4 ideal for magnetic applications [33]. It exhibits excel-
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lent catalytic activity and adsorption capabilities, facilitating efficient pollutant removal
from wastewater and acting as a catalyst in various chemical reactions [34]. In addition to
its adsorbent properties, copper ferrite has a wide range of applications, including magnetic
sensors and inductors [33], biosensors for detecting biomolecules and pathogens [35], and
energy storage in lithium-ion batteries [36] and solar devices [37].

The effective response to the magnetic field of the copper ferrite can also enhance the
combination of this advanced material with different types of particulate porous adsorbents,
such as zeolites, favoring magnetic removal after the process. Kharazi et al. (2019) [38]
synthesized a magnetic nanocomposite comprising copper ferrite and polyaniline for the
adsorption of methyl orange dye. The composite had a mesoporous structure, a surface
area of 20.37 m2 g�1 with an adequate adsorption capacity of 345.9 mg g�1, and magnetic
properties that enabled it to be easily separated through an external magnetic field.

This work aimed to incorporate copper ferrite nanoparticles on the surface of zeolite
synthesized from rice husk waste (primary adsorbent material) to guarantee the recovery of
the resulting magnetic nanocomposite (zeolite:CuFe2O4) by applying an external magnetic
field. To the best of our knowledge, this is the first paper about the CGA adsorption of waste-
derived zeolite synthesized from rice husks. The present work reuses agribusiness waste
and proposes a new generation of smart adsorbents for wastewater decontamination. This
route would minimize waste generation and sustain wastewater reuse or proper disposal.
Although this research used a standard CGA source, the obtained system (zeolite:CuFe2O4)
is a promising material for future applications in real industrial wastewater due to effective
environmental remediation technology.

2. Materials and Methods
2.1. Materials

Rice husk, as a grain manufacturing byproduct, was supplied by the rice process-
ing company Máquina Popular (Aparecida do Taboado-MS, Brazil). Sodium Alumi-
nate (NaAlO2, 98%), Copper Nitrate [Cu(NO3)2, 98%], TMCS (C3H9SiCl, �99%), APTES
(C9H23NO3Si, �99%), CGA (C16H18O9, 99.8%) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Sodium Hydroxide (NaOH, 97%) and Iron Nitrate [Fe(NO3)3, 98%]
were purchased from Synth (Brazil). Hydrochloric Acid (HCl, 37%) and Ethyl Alcohol
(C2H6O, 99.5%) were attained from Vetec (Brazil). All reagents were used as received.
Decarbonized, deionized water (r = 18.2 MW cm) purified through the Milli-Q system
(Bamstead Nanopure Diamond, Thermo Fisher Scientific Inc., Waltham, MA, USA) was
used in all procedures.

2.2. SiO2 Extraction from Rice Husks
High-purity silica (SiO2) to be used in the sustainable synthesis of zeolite was prepared

from rice husk through the methodology described in Malafatti et al. (2023) [39]. Briefly, to
eliminate metallic impurities (e.g., Fe, alkali, and alkali-earth metals), 10 g of rice husks
were immersed in 200 mL of aqueous HCl solution (3 mol L�1) for 3 h, under magnetic
stirring. The rice husks were then separated from the acid solution by filtration and washed
up to pH neutrality. Samples were dried in a circulation oven at 60 �C for 24 h and then
subjected to two consecutive heat treatments at 300 �C and 600 �C, both for 3 h, to eliminate
the organic components of the material.

2.3. Zeolite Synthesis
The zeolite was synthesized by adapting the procedure reported in Meirelles et al.

(2023) [17]. In particular, silica extracted from rice husks replaced commercial SiO2. Initially,
sodium aluminate was solubilized in deionized water under magnetic stirring until a
translucent solution was obtained. Subsequentially, a 2.9 mol L�1 sodium hydroxide aque-
ous solution was added. After homogenization, the silica from rice rusks was incorporated
into the mixture under vigorous stirring to attain a homogeneous gel. After 24 h of static
aging, the gel was hydrothermally treated at 100 �C for 18 h under magnetic stirring. The
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final product was repeatedly washed by centrifugation until pH  8. Finally, the solid
was dried in a circulation oven at 60 �C for 24 h and deagglomerated. The attained zeolite
sample was labeled as Z18.

2.4. Zeolite Modification with Silane Agents
The Z18 sample was modified with silane agents (APTES and TMCS) to facilitate

the interaction between the hydrophilic zeolite and the organic contaminant during the
adsorption tests [30,40]. APTES and TMCS were combined in a 1:1 (V V�1) ratio. Thus, 0.5 g
of zeolite was suspended with 0.5 mL of each modifier in 10 mL of a 3-to-1 ethanol–water
mixture in a 250 mL flask. The system was refluxed under magnetic stirring at 100 �C for
24 h. The material obtained after modification was washed, dried in an oven at 60 �C, and
identified as Z18 M.

2.5. Synthesis of Copper Ferrite
Copper ferrite (CuFe2O4) was prepared for the coprecipitation method according to

the methodology proposed by Paris et al. (2020) [16]. Two aqueous solutions of equal
volumes of iron (III) nitrate 0.40 mol L�1 and copper nitrate 0.20 mol L�1 were mixed under
magnetic stirring for 15 min. An aqueous NaOH 3.0 mol L�1 solution was added drop by
drop (always under stirring). After completing the hydroxide addition, the copper ferrite
precursor was left under magnetic stirring for 30 min. The material was then washed by
centrifugation to reach pH  8. The solid was dried in a circulation oven at 60 �C for 24 h
and submitted to consecutive heat treatment at 300 �C for 4 h and 500 �C for 3 h.

2.6. Zeolite:CuFe2O4 Magnetic Nanocomposites
The magnetic nanocomposites with copper ferrite were synthesized from both pure

(Z18) and modified (Z18 M) zeolites, according to studies published in the literature [16,17].
Briefly, 0.1 g of copper ferrite was suspended in 40 mL of distilled water by ultrasonication
(60% amplitude) for 20 min in an ice bath. Once the ferrite was dispersed entirely, 0.3 g of
zeolite was gradually added to the suspension until the zeolite:CuFe2O4 ratio reached 3:1
(m m�1). The process was assisted by sonication for 50 min to ensure composite homoge-
nization. Finally, the material was dried in an oven at 60 �C for 24 h for characterization
and application in the adsorption tests. The prepared materials were named Z18:CuFe2O4
and Z18 M:CuFe2O4, for the pristine and modified zeolite, respectively.

2.7. Characterizations
X-ray diffraction (XRD) measurements were performed using a Shimadzu XRD 6000

diffractometer with Ni-filter Cu-K↵ radiation (� = 1.5405 Å) in the 5–80� 2✓ range (scan rate
1� min�1). Low angle (0–10�) XRD scans were performed with a Rigaku SmartLab diffrac-
tometer equipped with a knife-edge slit. Field Emission Scanning Electron Microscopy
(SEM-FEG) measurements were conducted with a JEOL microscope model JSM-6701F
running at 5 kV. X-ray dispersive energy spectroscopy (EDS) JEOL-JSM 6510 at 15 kV was
used to evaluate the purity of silica extracted from rice husks and the magnetic nanocom-
posite. Transmission Electron Microscope (TEM) analysis was performed with a JEOL JEM
F200, operating at 200kV and equipped with an Energy-Dispersive X-ray Spectrometer.
N2 adsorption/desorption curves were collected using Micromeritics ASAP 200 surface
analysis equipment. The Brunauer, Emmett, and Teller (BET) method extrapolated specific
surface areas. In contrast, the Barrett–Joyner–Hallenda model was used to determine
the pore size distribution. Thermal degradation of samples was carried out in platinum
crucibles using a TGA Q500 thermo-analyzer, TA Instruments. Samples (approximately
5 mg) were heated from RT to 900 �C with a heating rate of 10 �C min�1 under synthetic
air (60 mL min�1). Zeta Potential measurements were performed using a Zetasizer Nano
ZS90, Malvern Instruments, using 4 mg of particles/20 mL Milli-Q water. Magnetization vs.
applied field measurements were performed at 26.85 �C using a vibrating sample magne-
tometer (VSM Model 10—MicroSense) equipped with an electromagnet and a pick-up coil
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system to detect the moment. Powder samples were placed within polycarbonate capsules
(a few mg) and immobilized with epoxy resin to prevent any displacements during the
measurements.

2.8. CGA Adsorption Tests
CGA UV-Vis spectrum has been considered pH-sensitive [41]. Hence, an investigation

concerning CGA optical absorbance dependence on pH (with a CGA concentration equal
to 20 mg L�1) was carried out before the adsorption experiments. pH was adjusted over
the 3–12 range by using NaOH and HNO3 solutions. CGA adsorption was performed
under the following experimental conditions: 10 mL of aqueous CGA solution was added
to Falcon® tubes containing 20 mg (2 g L�1) of magnetic nanocomposites. The experiments
were conducted in triplicates under mechanical agitation (150 rpm) for 1, 3, 6, 12, 24,
36, and 48 h. After removing the adsorbents, the aliquots were analyzed using UV-Vis
spectrophotometry (UV-1601PC Shimadzu, Kyoto, Japan UV-1601PC) in the 200 to 450 nm
region. CGA removal rate (%) was calculated (from the maximum UV-Vis absorbance)
according to Equation (1).

Removalrate% =
(Ct � Ci)

Ci
⇥ 100 (1)

where Ci (mg L�1) is the initial polyphenol concentration, and Ct (mg L�1) is the concentra-
tion at time t (min). CGA adsorption kinetics was evaluated by applying the pseudo-first-
order and pseudo-second-order models according to the following equations:

Pseudo-first-order:
log (qe�qt) = log qe �

k1
2.303

t (2)

Pseudo-second-order:
t
qt

=
1

k2q2
e
+

1
qe

t (3)

where qe (mg g�1) is the amount of CGA adsorbed (i.e., adsorption capacity) at equilibrium
and qt (mg g�1) is the amount adsorbed at time t (min). The rate constants for the pseudo-
first- and pseudo-second-order reactions are represented by k1 (min�1) and k2 (g mg�1

min�1), respectively. The nanocomposite with the highest CGA adsorption capacity was
also tested for germination and mass recovery efficiency.

2.9. Germination Test
Nanoparticle germination on living effects can be considered a significant liability for

environmental remediation. Therefore, the germination of lettuce seeds (Lactuca sativa)
was employed as a proxy. Experiments were performed under the same conditions as
the adsorption tests. Twenty seeds were placed in contact with the magnetic composite
in Falcon® tubes containing distilled water for 1 h at room temperature [42]. A control
sample (i.e., blank) containing no composite nanoparticles was also tested for reference.
After exposure, the seeds were separated from the aqueous medium and placed in Petri
dishes with filter paper. They germinated for 5 days (under natural light). When the roots
emerged, microscopic analysis was conducted to assess the effects of nanocomposites on
root development.

2.10. Magnetic Mass Recovery
As for the adsorbent mass recovery experiment, approximately 30 mg of the magnetic

nanocomposite was weighed. The material was then dispersed in distilled water and subjected
to a magnetic field using a cube-shaped neodymium magnet (50.8 mm ⇥ 50.8 mm ⇥ 25.4 mm),
model N52, with magnetic field strength ~14,800 Gauss. After 10 min, the supernatant
was carefully discarded, and the material retained by the magnetic field was dried in a
circulation oven at 60 �C until constant weight was reached. After drying, the nanocom-
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posite was weighed to determine the magnetic recovered mass. Each test was carried out
in triplicate over 3 consecutive cycles, and the mass recovery efficiency was determined
using Equation (4).

Mass recovery (%) =
Recovered mass

Initial mass
⇥ 100 (4)

3. Results
The thermal analysis (thermogravimetric) measurements of rice husk starting material

and silica derived from rice husk are reported in Figure 1. The agricultural residue (Figure 1a)
showed a significant mass loss below 100 �C, indicating the release of physisorbed water. A
second thermal event, corresponding to lignin and cellulose combustion, was identified at
around 330 �C [39]. In addition, the sample presented a weight loss above 400 �C, possibly
due to the complete pyrolysis of the organic compounds [43]. The total mass loss amounted
to 81.97%, following the amount of inorganic compounds usually encountered in rice husk.
In contrast, SiO2 (Figure 1b) revealed a progressive mass loss of 7.22% over a wide range
of temperatures. Aside from physically sorbed water, H2O molecules interacting with the
silanol groups of the silica matrix (i.e., chemisorption) are also released, leading to surface
dehydration (OH loss) [44,45]. Hence, a rice husk annealing temperature of 600 �C can be
considered ideal to attain a SiO2 precursor for zeolite synthesis. Indeed, this temperature
assures the complete removal of rice husk organic components while pre-empting extensive
particle sintering, which is detrimental to zeolite preparation (i.e., low silica reactivity).
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Further studies were conducted to evaluate the silica precursor purity, morphology,
and structure (Figure 2). EDS chemical mapping (Figure 2a) showed a homogeneous Si
and O distribution. In contrast, the EDS spectrum (Figure 2b) confirmed the predominant
presence of silica in the sample. Nonetheless, a small amount of (adventitious) carbon was
detected, probably ascribable to the sample handling and preparation procedure for the
SEM analysis. EDS analysis could not reveal other impurities, suggesting that the SiO2
preparation process from rice husk fits the purity and quality requirements of various
industrial and technological applications [46].

The SEM-FEG images (Figure 2c) illustrate the presence of agglomerates of rounded-
shaped particles with an average diameter varying from 70 to 100 nm. Additionally,
the low-angle X-ray diffractogram (Figure 2d) shows an intense peak (100), implying
the formation of a mesoporous SiO2 phase with a hexagonal pore structure [47,48]. The
silica X-ray diffraction pattern (Figure 2e) exhibits the typical pattern of an amorphous
SiO2 material with a characteristic broad peak at 2✓ = 22.2� [43,49]. No other phases
(like generally highly crystalline metal oxides originating from rice husk impurities) [23]
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could be identified, verifying the EDS analysis’ findings about the purity of the material.
Concerning these results, nanoparticulate silica was obtained from rice husk with a simple
acid washing/annealing combination.
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Because of its physical/chemical properties (e.g., particle size, porosity, purity, etc.),
the silica recovered from rice husk was used as a precursor in the sustainable synthesis of
zeolites. This approach posits replacing commercial silica precursors and bringing about
cost reduction and environmental impact mitigation.

The XRD diffractograms of the synthesized zeolite are reported in Figure 3. FAU
(JCPDS n� 38-238) and NaP-type GIS (JCPDS n� 89-6322) zeolites were identified. As
reported in the literature [50,51], it is not unusual to end up with a GIS-FAU mixture when
waste-based Si or Al sources are employed, since the growth of six-(faujasite structure)
and four-(gismondine structure)-membered rings are in direct competition. For instance,
Maatoug et al. (2018) [52] synthesized zeolitic materials from vitreous waste in China,
obtaining a mixture of FAU, NaP, and sodalite (SOD) phases caused by the influence of
crystallization time on the structure and morphology of the final zeolite.

Additionally, Figure 3 shows that the modification process with silane agents did not
affect the sample structure since the modified zeolite (Z18 M) shows all the diffraction
peaks corresponding to the FAU and NaP phases, as in Z18.
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Figure 3. XRD diffractograms of zeolite before (Z18) and after silanization (Z18 M).

Z18 and Z18M samples were also compared in terms of thermal stability. Figure 4
shows the material thermogravimetric curves before and after modification. Both samples
present an initial weight loss at approximately 100 �C due to the evaporation of water
molecules physically adsorbed on the surface of the zeolites. Then, Na+ cations hydration
water (i.e., H2O structural molecules needed to stabilize the zeolite framework) was lost
for both samples, up to 300 �C [53,54]. However, Z18 mass loss stabilizes at 300 �C, with
a total of 20.31%. By contrast, Z18 M shows an additional mass loss between 300 �C and
600 �C. This loss corresponds to the elimination of organic modifiers (APTES and TMCS),
totaling a final mass loss of 23.25%. The difference between the final and zeolite mass loss
contributions indicates a degree of surface modification by silane agents of 2.94% (m m�1).
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Figure 5 shows the XRD patterns of copper ferrite and both composite materials. The
ferrite diffractogram reveals the formation of the cubic CuFe2O4 as a main crystalline phase.
CuFe2O4 reflections could be identified at 2✓ equal to 19�, 30�, 35�, 36�, 44�, 54�, 56�, 57�,
and 62� (JCPDS card n� 34-425). A peak at 2✓ = 39� of CuO (JCPDS card n� 45-937) could
also be noticed, indicating the presence of this secondary phase. As expected, the Z18
M:CuFe2O4 and Z18:CuFe2O4 diffraction patterns features of CuFe2O4 and zeolites (NaP
and FAU) could be recognized. Therefore, XRD data verified CuFe2O4 incorporation in
the zeolite matrix. As expected, the two zeolite phases were found to be the dominant
component of the composite material.
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The EDS chemical mapping, shown in Figure 6, disclosed the significant incorporation
of the copper ferrite into the zeolite matrix, indicating the efficient homogenization of the
magnetic and adsorbing components of the composite (Figure 6a,b). The corresponding
spectra (Figure 6c,d) indicate the presence of the zeolite elements (O, Si, Al, and Na) and
the ferrite (Cu and Fe) elements. Therefore, the zeolite:ferrite ratio 3:1 seems adequate for
magnetic material immobilization on the aluminosilicate surface.

SEM-FEG analysis (Figure 7) was used to investigate the morphology of Z18 zeolite,
CuFe2O4, and composite samples (Z18:CuFe2O4 and Z18 M:CuFe2O4). It can be noticed
that the Z18 sample has a diameter in the range of (1.43 ± 0.50) µm (Figure 7a), with a
characteristic faceted octahedral shape, typical of a well-defined FAU zeolite morphol-
ogy [55,56]. The copper ferrite presents a smaller particle size, with an average diameter
of (43.9 ± 9.40) nm (Figures 7b and 8c), showing a relevant agglomeration level. This
effect can probably be ascribed to the intermolecular and magnetic interactions between
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particles, which is already expected for ferrites with a spinel structure [57]. Despite agglom-
eration, ferrite nanoparticles were well distributed over the Z18 surface (Figure 7c,d). It
is worth noticing that surface modification with silane agents did not affect the morphol-
ogy and, consequently, zeolite modification with the ferrite (Figure 7e,f). In the work by
Meirelles et al. (2023) [17], a FAU:MgFe2O4 (3:1) nanocomposite was synthesized by the
sonication method. The authors observed smaller, agglomerated particles on the faujasite
surface. These findings are compatible with magnesium ferrite nanoparticles anchored on
the zeolite surface because of the dipolar interactions between the magnetic phases.
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To complement the results obtained by SEM-EDS, TEM analyses of the composite
were carried out, including an EDS mapping of the region and the histogram of the size
distribution of the ferrite particles, as shown in Figure 8. The analysis indicates agglomera-
tion of the ferrite nanoparticles on the surface of the zeolitic material, which aligns with
the SEM-FEG images. Despite the agglomeration, the nanoparticles are dispersed in the
structure of the adsorbent, as evidenced by EDS in region I (Figure 8a,b). Furthermore, an
analysis of the particle size distribution (Figure 8c) revealed that the average diameter of
the copper ferrite particles is in the nanometric range from 20 to 65 nm, confirming their
nanostructured characteristics.
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TEM images are reported in Figure 9, together with electron diffraction reciprocal
space patterns. Figure 9a shows the Z18:CuFe2O4 structural features. In particular, NaP-GIS
4.9 Å-wide channels are visible. Furthermore, copper ferrite (211) planes (most intense
CuFe2O4 diffraction signal, see Figure 5) were identified in the composite material. The
FAU electron diffraction pattern in the Z18 sample is reported in Figure 9b. FAU (111), (220),
(331), and (440) planes can be appreciated, agreeing with the X-ray diffraction Miller indices
for the FAU zeolite (Figure 3). Conversely, the composite material electron diffraction
pattern is polycrystalline (i.e., not well-defined diffraction spots) and can be regarded as a
combination of zeolite and ferrite materials (Figure 9c). The TEM findings verify the XRD
results. In fact, the Z18 sample is confirmed to comprise both NaP-GIS and FAU zeolites,
whereas Z18:CuFe2O4 possesses both zeolite phases and ferrite components.
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The stability of the aqueous dispersions in the investigated samples was evaluated
through zeta potential (⇣) measurements. The Z18 dispersion pH was 7.8, and the zeolite
had a negative surface charge (⇣ = �38.9 mV) [58,59]. Possibly, Z18 was actually above
its isoelectric point; hence, it is expected to be negatively charged because of surface OH
deprotonation. Therefore, zeolite stability in aqueous media is ⇣ greater than ±30 mV [60].
Regarding CuFe2O4, a zeta potential of �22 mV was measured, placing the magnetic
material below the (⇣) stability threshold in aqueous solutions. Concerning the composite
materials, the measured zeta potentials were –50.9 mV and 19.7 mV for Z18:CuFe2O4 and
Z18 M:CuFe2O4, respectively. It can be inferred that, with Z18:CuFe2O4 dispersion pH still
being slightly basic (7.8), both zeolite OH surface groups are deprotonated. Such findings
may justify Z18:CuFe2O4 ⇣ negative values. On the contrary, Z18 M:CuFe2O4 zeta potential
is being affected by surface modification. The presence of the N-H group, which had a
positive charge on the zeolite surface from APTES modification and a pH reduction to 6.7
that led to OH groups protonation, may have affected the zeta potential and justified the
Z18 M:CuFe2O4 positive charge [61]. Furthermore, the slightly acidic pH may contribute to
the zeolite surface protonation and, therefore, to the positive zeta potential.

N2 adsorption/desorption curves and pore size measurements (Figure 10 and Table 1)
reflect the different morphology, composition, and processing of the studied materials,
in accordance with the IUPAC Technical Report [62]. Samples containing Z18 present a
Type IV isotherm, typical of mesoporous materials. On the other hand, the pure copper
ferrite isotherm resembles a Type V curve, still associated with a mesoporous material but
demonstrates a weak substrate–adsorbate interaction. Capillary condensation (manifesting
as a hysteresis loop accounting for most of the surface coverage in Type-V materials) occurs
at a higher relative pressure (i.e., hysteresis loop shifting) in CuFe2O4 than in the Z18 and
the other zeolite-containing composites. Furthermore, the pure zeolite manifests a clear
adsorption “knee point” corresponding to forming a monolayer of gas molecules. At the
same time, by contrast, such a feature tends to swindle as CuFe2O4 is introduced in the



Magnetochemistry 2024, 10, 87 14 of 24

zeolitic material. Moreover, the pristine copper ferrite presents an H2 hysteresis, usually
signifying that the pore size and shape distribution are not well defined.
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Table 1. Parameters of BET analysis of zeolite, ferrite, and composites.

Samples SSABET
(m2 g�1)

Amicropore
(m2 g�1)

Dpore
(nm)

Z18 218 208 27.5
CuFe2O4 28 4 12.2

Z18:CuFe2O4 162 144 16.0
Z18 M:CuFe2O4 39 22 15.7

Conversely, an H3 hysteresis revealing slit-shaped pores was observed for Z18 and
its ilk. The variation in the specific surface area (SSA) and micropore area values among
the different materials was quite relevant. For instance, CuFe2O4 displayed the lowest
SSA (28 m2 g�1) with a negligible fraction ascribable to micropores. Such a picture is
in accordance with the SEM analysis showing particle agglomeration. Furthermore, low
specific area values of magnetic materials (compared to established absorbers like zeolites,
silica, and activated carbon) have already been reported [38,63]. Z18 possessed the highest
SSA, 218 m2 g�1, with a considerable contribution from micropores. Not surprisingly,
the Z18:CuFe2O4 SSA was reduced by the lower contribution to the total area stemming
from the copper ferrite. Similarly, the SSA dropped to 39 m2 g�1 after Z18 modification
(Z18 M). Silane groups probably hampered nitrogen access to the inner pores of the material
(i.e., partial pore blocking) [64,65]. As for the average diameter of the pore size, Z18 was
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discovered to be on the mesoporous lower limit (2–50 nm), whereas CuFe2O4 possessed the
smaller pores (12.2 nm). Reasonably, ferrite pores result from interparticle porosity rather
than defined material mesopores. Plausibly, the two composite materials’ average pore
sizes lay in between Z18 and CuFe2O4, giving two intermediate values close to 16 nm.

The magnetic properties of the CuFe2O4 particles and the magnetic zeolite composites
are shown in Figure 11a, showing the field-dependent magnetization loops measured at
26.85 �C. Bare ferrite particles exhibit a saturation magnetization (Ms) of 15.4 emu g�1,
which is significantly higher than the values reported in the literature for copper ferrite
particles synthesized via coprecipitation with heat treatment at 500 �C, a method similar to
that used in the present work [66]. It is worth mentioning that the actual Ms might exceed
the measured value due to sample geometric effects. However, such effects cannot be accu-
rately accounted for due to the irregular shape of the sample. In fact, specific measurement
protocols, which cannot be performed with the magnetometer used in this study, should
be implemented [67]. Pure zeolites exhibit diamagnetic properties prior to the addition of
magnetic nanoparticles, in agreement with data reported in the literature [50]. Upon the
CuFe2O4 immobilization, the magnetic nanocomposite with zeolites exhibits ferrimagnetic
behavior [68], with an effective saturation magnetization of 3.5 and 4.1 emu g�1 for samples
Z18:CuFe2O4 and Z18 M:CuFe2O4, respectively.
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As the weight percentage of magnetic particles in the zeolite composites is approx-
imately 25%, the saturation magnetization normalized to the wt% of ferrite particles
in the composite (14 and 16,4 emu g�1 for samples Z18:CuFe2O4 and Z18 M:CuFe2O4,
respectively) is comparable to the values of pristine powders. This suggests that the mag-
netic particles are unaffected by the incorporation process, and the observed reduction
in magnetization can be ascribed solely to the presence of the diamagnetic zeolite matrix.
The saturation magnetization of the composites aligns closely with those reported in the
literature for other magnetic zeolites [34,69,70]. It is sufficiently high to facilitate their
manipulation by applying an external magnetic field (Figure 11b). Thus, incorporating
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magnetic particles imparts magnetic functionality to the zeolite derived from rice husk
waste, enabling their removal by magnetic separation.

The two magnetic nanocomposites, with and without surface modification, were tested
for CGA adsorption in aqueous media to assess the influence of surface functionalization
with hydrophobic groups on the removal efficiency. As previously mentioned, the CGA
UV absorbance dependence on pH was preliminarily investigated. Figure 12 shows the
UV-Vis spectra of CGA at a concentration of 20 mg L�1 and different pHs. The analysis
showed a change in the CGA spectrum for pH values above 7.0, showing greater instability
in alkaline solutions.
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The change in the spectrum profile (Figure 12a) may be correlated to the CGA
protonation–deprotonation equilibrium in aqueous media and the formation of its possible
isomers [7]. In addition, a color change (i.e., yellowish tinted solution) was uncovered for
pH = 9.0, 10.0, 11.0, and 12.0 solutions. In addition, the higher the pH, the more intense the
color change, as illustrated in Figure 12b. Previous works have reported the CGA UV-Vis
absorption spectra shift (and mutation in chromatographic properties) when the pH drifts
towards alkaline conditions [41,71]. Hence, to ensure the reliability of the results, after
adsorption, the aliquots were adjusted to pH = 5 with a phosphate buffer solution (sample:
buffer ratio 3:1) for the UV-Vis spectrum to revert to the original CGA profile. Then, the
spectrum was analyzed in the 200–425 nm region. The phosphate buffer enabled the acqui-
sition of the characteristic CGA spectrum and, consequently, the effective calculation of the
adsorption rate of the nanocomposites.

The CGA removal rate was evaluated based on the contact time with the adsorbents at
room temperature. As illustrated in Figure 13a, the modified composite (Z18 M:CuFe2O4)
showed better polyphenol adsorption performances, achieving a removal rate of 89.35% in
an hour. At the same time, the percentage of CGA removed by Z18:CuFe2O4 was almost
immaterial, amounting to a mere 2.03%. Over time, both composites tended towards
the saturation of the adsorption sites; however, after 36 h, RR (%) was 95.65% for Z18
M:CuFe2O4, whereas Z18:CuFe2O4 could not pass 51.42% (Figure 13b). Still, the unmodified
adsorbent did not saturate even after 50 h. Therefore, the apparent SSA is not the only
parameter in CGA adsorption. Despite a smaller SSA, Z18 M:CuFe2O4 could rapidly
remove CGA from the solution. Indeed, TMCS and APTES methyl and propyl groups made
the zeolite surface partly hydrophobic, favoring the interaction with CGA. Furthermore,
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ammine and chloride groups may promote anchorage on the organic part’s zeolite surface,
leading to a stable functionalization of FAU and GIS. In addition, NH2 groups may establish
H-bonds with CGA phenol OH groups. Thus, zeolite large surface area, in conjunction with
hydrophobically functionalized absorption sites, may account for Z18 M:CuFe2O4 being
able to quickly and almost completely remove CGA. Finally, the Z18 M:CuFe2O4 positive
zeta potential, and by extension, positive surface charges, are conducive to electrostatic
interaction with the CGA carboxylic group, provided it is ionized. Contrary to this, the
dissociation of phenolic groups ought to be safely ruled out.
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The adsorption on Z18:CuFe2O4 can benefit only from hydrogen bonds between Z18
surface hydroxyl groups and CGA phenolic and carboxylic OHs. Indeed, the negative ⇣
is supposed to hamper surface attraction with CGA carboxylate. The unmodified zeolite
composite also manifests slower adsorption kinetics, requiring longer times to reach equi-
librium. In this sense, modification is instrumental in facilitating CGA adsorption since
it promotes the formation of active sites on the zeolite surface. On the other hand, the
pore size of the two composite materials (i.e., related to steric hindrance) should not matter
when it comes to CGA adsorption, with the average pore diameter being very close and
allowing for CGA molecule dimensions.

The kinetic model analysis (Figure 14) indicated that Z18 M:CuFe2O4 followed a
pseudo-second-order kinetic profile (R2 = 0.9995), while Z18:CuFe2O4 matched a pseudo-
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first-order model (R2 = 0.9684). This change in the kinetic order of the composites can
be attributed to the modification of the adsorbent surface. Modification with APTES and
TMCS increases the affinity for the CGA molecule, introducing more specific adsorption
sites and more complex interactions with the adsorbate, which justifies second-order kinet-
ics. The experimental adsorption capacities (qe) were extremely close to those calculated
(Table 2). In particular, the amount of Z18 M:CuFe2O4 measured and extrapolated qe
was 9.56 and 9.43 mg g�1, respectively. The adsorption capacity was more prominent for
the modified sample than the composite without modification (qe = 5.14 mg g�1). The
pseudo-second-order rate constant (k2) of the composite modified with APTES and TMCS
presented an impressively high value of 0.5140 g mg�1 min�1, which is 50 times higher
than that the one reported in the literature for CGA adsorption on APTES-functionalized
SiO2 [72]. Because of the high kinetic parameters, implying a solid adsorbent–adsorbate
affinity (e.g., hydrophobic interaction, electrostatic attraction, and hydrogen bond), it can
be hypothesized that CGA takes place by chemisorption [73,74].
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Table 2. Kinetic parameters of CGA adsorption with the magnetic nanocomposites Z18:CuFe2O4 and
Z18 M:CuFe2O4.

Experimental Pseudo-First-Order Pseudo-Second-Order

Nanocomposites qe
(mg g�1)

qe
(mg g�1)

k1
(min�1) R2 qe

(mg g�1)

k2
(g mg�1

min�1)
R2

Z18:CuFe2O4 5.14 4.46 0.0684 0.9694 7.13 0.0099 0.7713
Z18 M:CuFe2O4 9.56 0.57 0.0094 0.4244 9.43 0.5140 0.9995

Despite excellent adsorbing performance, before using Z18 M:CuFe2O4 for water
remediation, the possible harmful environmental effects connected to nanoparticles and
organosilane functionalities should be considered. Therefore, a Z18 M:CuFe2O4 germi-
nation test was evaluated by lettuce seeds (Lactuca sativa). Specifically, root development
was appraised after exposure to Z18 M:CuFe2O4. Figure 15 compares the germination in
water (blank) and in contact with a Z18 M:CuFe2O4 suspension. It can be observed that
seeds germinated in three days and shoots appeared in five days, showing no inhibition of
germination caused by the nanocomposite.
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It can also be observed (Figure 16a–d) that after 5 days of germination, the rootlets
are already visible and evident. This appearance of rootlets signifies healthy development
in the presence of the particulate nanomaterial. This fact demonstrates no detrimental
effect during seed germination brought about by the organosilanes or the nanostructured
zeolite:CuFe2O4 pair. Optical microscopic images show the difference in the thickness of
the upper and lower roots, which is in line with the expected pattern for an ideal stage of
plant growth.
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In order to separate the adsorbent from the aqueous medium after the CGA adsorption
process, a mass recovery test was carried out on Z18 M:CuFe2O4 (Figure 17). The analysis
revealed a remarkable mass recovery percentage of the nanocomposite, given that the
major component (zeolite:copper ferrite ratio equal to 3 to 1) is non-magnetic. The Z18
M:CuFe2O4 sample showed a mass recovery of 94.93%, 89.93%, and 85.76% in the 1�, 2�,
and 3� immersion cycles, respectively. Although a mass loss of around 5% per cycle was
observed, this rate is considered acceptable for the studied materials, given the magnetic
nature of the recovery process. Despite this loss, the material retains sufficient mass after
cycling, rendering it amenable to practical applications, especially when compared to other
composites in the literature [17].
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In addition to the relatively high mass recovery efficiency of the magnetic nanocompos-
ites, the choice of copper ferrite as the magnetic component stands out for several reasons.
Its low toxicity and its potential as a micronutrient for soil are important characteristics
since any eventual loss of adsorbent in the environment could benefit agriculture [75]. Cop-
per ferrites also have excellent catalytic activity and adsorption capacity, contributing to
the efficient removal of pollutants [76,77]. Finally, this study serves as a “proof of concept”
for using bornite tailings (Cu5FeS4) from the northeast of Brazil, with a goal to advance the
sustainable production of magnetic ferrites.

4. Conclusions
A magnetic zeolite:copper ferrite composite was prepared using agricultural waste.

In particular, high-purity silica obtained from rice husks by a simple leaching/annealing
procedure proved to be a viable choice for the sustainable synthesis of zeolites meant for
environmental remediation. In addition, an enhanced, modified zeolite magnetic compos-
ite (Z18 M:CuFe2O4) with a magnetic saturation (Ms) value of 4.1 emu g�1 was devised
and fabricated by using organosilane (TMCS:APTES mixture) surface functionalization.
Z18 M:CuFe2O4 was highly effective in removing CGA from water media. The modified
nanocomposite presented a CGA overall adsorption rate of 95.65% and fast pseudo-second-
order kinetics, with a rate constant of 0.5140 g mg�1 min�1. These results probably stem
from the superimposition of the hydrophobic interaction between CGA and the adsorbent,
hydrogen bond, and electrostatic attraction originating from the Z18 M:CuFe2O4 positive
zeta potential. Furthermore, the material manifested a mass recovery of over 85% after
three cycles of water immersion, which was achieved by applying an external magnetic
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field. These characteristics contribute to the implementation of a sustainable wastewa-
ter treatment system with the potential for large-scale production, especially regarding
polyphenols in the food industry. Although the material was tested in a controlled labora-
tory environment, the promising results suggest its potential applicability in real-world
industrial wastewater treatment, warranting further investigation under actual conditions.
Consequently, the present composite material may represent a valuable contribution to
the circular economy, being a low-cost/low-end adsorbent (suitable for re-utilization) at-
tained from a byproduct whose output measures up to hundreds of millions of tons per
year worldwide.
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