
Introduction

The increasing attention on nanocomposites 
composed of nano-zerovalent iron (nZVI) and clays 
is well-founded due to their unique combination 
of desirable properties [1]. These nanocomposites 
integrate the renewable and nontoxic characteristics 

of nZVI with the abundant, low-cost, heat-resistant,  
and reinforcing advantages of inorganic nanoclays 
[2]. The introduction of clays into nZVI-based 
nanocomposites significantly improves their mechanical 
properties, such as gel strength and resistance to 
deformation [3]. This is partly attributed to the 
interfacial interactions between nZVI particles and 
the clay layers, which can form a reinforcing network 
within the composite [4]. The clay component in these 
nanocomposites enhances their swelling ability and 
rate, which is crucial for applications in water treatment 
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Abstract

This study focused on the synthesis and characterization of attapulgite loaded with nano-zerovalent 
iron (ATP-nZVI) nanocomposites, investigating their performance through systematic nanocomposite 
testing. The nanocomposites were prepared using attapulgite and various FeCl2 concentrations, 
and the influence of FeCl2 concentration was analyzed for their physicochemical properties and 
functional performance. ATP-nZVI nanocomposites were systematically characterized by X-ray 
diffraction, energy-dispersive X-ray spectroscopy, scanning electron microscopy, specific surface area, 
and a Fourier transform infrared spectrometer. The results showed that the optimal FeCl2 concentration 
for ATP-nZVI nanocomposite synthesis was 0.10 g/mL. Detailed analysis revealed significant insights 
into how FeCl2 concentration affected the crystal structure, surface morphology, porosity, functional 
groups of nanocomposites, and the distribution of nZVI on attapulgite. These findings provided 
important theoretical and practical guidance for optimizing synthesis parameters and improving the 
application efficiency of ATP-nZVI nanocomposites in environmental remediation and industrial 
processes. 
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and soil remediation [5]. Additionally, the presence 
of clay improves the salt resistance of the composite, 
thereby increasing its durability and effectiveness in 
saline environments [6]. The large surface area of nZVI 
particles in contact with the clay matrix allows for 
efficient interaction and enhanced properties even with 
a small amount of filler [7]. This high contact area is 
beneficial for applications requiring high reactivity, such 
as environmental remediation and catalysis [8].

In the field of clay-based nanocomposites, the 
influence of clay on the properties of corresponding 
nanocomposite materials was investigated intensively. 
As the dominating member of the clay mineral family, 
attapulgite (ATP) is a typical crystalline hydrated 
magnesium silicate. Compared with other clay minerals, 
ATP is not only abundant in reserves and low-cost, but 
also features a highly porous structure. This structure 
is characterized by numerous internal nanoscale pores 
and grooves on its surface, which contribute to its 
large specific surface area. As a result, ATP exhibits 
exceptional adsorption, ion exchange, and catalytic 
properties. These characteristics render ATP a highly 
valuable component in clay-based nanocomposites, 
making it particularly valuable in agriculture, marine, 
and medical fields [9].

Given its many special physical and chemical 
properties, ATP has drawn much attention in the 
preparation of nano-zerovalent iron-attapulgite 
nanocomposites. These properties not only enhance the 
overall performance of the composite materials but also 
facilitate the development of new materials for specific 
applications [10]. These nanocomposites integrate the 
reactivity of nZVI with the stability and adsorption 
capacity of ATP [11]. ATP functions as a supporting 
medium to enhance the stability and dispersion of 
nZVI, thereby enhancing its reactivity while reducing 
its tendency to aggregate [12]. The development of 
such nanocomposites not only improves the individual 
properties of each component but also accelerates the 
creation of novel materials for special applications 
and advanced composite materials [13]. However, 
there is limited information available regarding how 
the physicochemical properties of clay influence the 
performance of nanocomposites. Therefore, further 
research is needed in this area. Meanwhile, the 
incorporation of ATP micropowder into the nano-
zerovalent iron (nZVI) network has been shown to 
significantly enhance the comprehensive properties of 
these nanocomposites.

In this study, ATP was used as a material carrier to 
synthesize ATP-nZVI nanocomposites. The interaction 
between ATP and nZVI was evaluated, focusing on 
performance and characterization. The study aims  
to provide a comprehensive understanding of  
the ATP-nZVI nanocomposites by characterizing their 
physical and chemical properties and by evaluating  
the impact of FeCl2 concentration on their performance 
and characterization. The results will help in optimizing 
the synthesis conditions and improving the application 

efficiency of ATP-supported nZVI in various 
environmental and industrial processes.

Materials and Methods

Preparation of the Polymer Sand-Fixing 
Material based on Attapulgite

According to Lv [14], a four-necked flask 
equipped with a mechanical stirrer, reflux condenser, 
thermometer, and nitrogen inlet was assembled and 
purged extensively with nitrogen to eliminate dissolved 
oxygen from the system. A mixture of acrylamide (7.1 g, 
dissolved in 20 mL distilled water) and H2SO4-modified 
attapulgite (0.71 g) was dispersed in a 250 mL four-
necked flask under continuous stirring for 30 min. 
Subsequently, potassium persulfate (0.09 mg) and  
N,N’-methylene-bis-acrylamide (0.06 mg) were added as 
the initiator and crosslinker, respectively. The reaction 
mixture was allowed to polymerize in a water bath at 
50ºC for 3 h. Finally, the synthesized polymer (8 g) was 
ground and treated with 40 mL of 1.5 mol/L NaOH.  
The mixture was gradually heated to 70ºC and 
maintained at this temperature for 2 h under continuous 
stirring. The resulting product was then thoroughly 
washed with distilled water to remove residual 
impurities and dried in an oven at 70ºC for 72 h.

Synthesis of Attapulgite Loaded 
with Nano-Zerovalent Iron

Initially, fumaric acid (1.0 g) was dissolved in 
30 mL ethanol in a 60 mL glass vial with magnetic 
stirring. Subsequently, the attapulgite sample (1.0 g) was 
introduced into a separate 5 mL glass vial containing the 
prepared fumaric acid solution. The mixture was then 
dried at 50ºC in an oven. For the synthesis of attapulgite-
loaded nano-zerovalent iron, the nanocomposites were 
produced through the reduction process of FeCl2 with a 
NaBH4 solution. Specifically, 0.01 g, 0.05 g, 0.1 g, 0.15 g, 
and 0.3 g of FeCl2 powder were separately dissolved in 
10 mL of deionized water in individual 20 mL glass vials 
under magnetic stirring. Each prepared FeCl2 solution 
was then introduced to the dried attapulgite samples, 
followed by thorough homogenization. After mixing, the 
samples were dried again at 50ºC, ultimately yielding 
attapulgite-loaded nano-zerovalent iron composites with 
different iron loadings.

X-ray Diffraction (XRD)

XRD analysis was performed using a D/max III 
C-type X-ray diffractometer (Rigaku Corporation, 
Japan). The measurements were conducted over  
a 2θ range of 10° to 90° under the following experimental 
conditions: Cu Kα radiation (λ = 0.15406 nm) 
was generated by a copper anode X-ray tube operated 
at 40 kV and 300 mA. The data were collected with  
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a scanning step width of 0.05° at a scanning rate  
of 10°/min.

Energy Dispersive X-ray Spectroscopy (EDS)

The microstructure of the sample was characterized 
using a Gemini SEM300 SEM from Germany, equipped 
with an advanced X-MAX spectrometer manufactured 
by Oxford Instruments. This high-performance system 
offered a wide acceleration voltage range from 0.02 kV 
to 30 kV, achieving exceptional resolution capabilities of 
1.2 nm at 1 kV and 0.7 nm at 15 kV. The instrument 
provided precise beam current control, adjustable from  
3 pA to 20 nA, enabling detailed microstructural 
analysis across various experimental conditions.

Scanning Electron Microscopy (SEM)

The sample was first dispersed in ethanol via 
ultrasonication to ensure homogeneity. The suspension 
was then drop-cast onto a copper alloy substrate 
precoated with a conductive adhesive. After deposition, 
the sample was dried in an oven at 60ºC for 2 h to 
remove residual solvent. Finally, a thin gold layer was 
sputter-coated onto the sample surface to enhance 
conductivity prior to SEM analysis (SEM300, China).

BET Surface Area Analysis

The specific surface area and pore size distribution 
of the sample were characterized using nitrogen 
adsorption-desorption measurements performed on 
an Omnisorp 100CX Coulter analyzer (USA). Prior to 
analysis, the sample underwent degassing pretreatment 
at 573 K for 3 h under vacuum to remove physisorbed 
species from the surface. The Brunauer-Emmett-Teller 
(BET) method was employed to calculate the specific 
surface area from the adsorption branch of the isotherm. 
The pore volume and pore size distribution were derived 
from the desorption isotherm data using the Barrett-
Joyner-Halenda (BJH) algorithm.

Fourier Transform Infrared 
Spectrometer (FTIR) Analysis

1-2 mg sample was placed into an agate mortar.  
It was ground into a fine powder and thoroughly mixed 
with dry potassium bromide powder. The mixture was 
transferred into a mold and pressed into a tablet using  
a tablet press. The tablet was compressed at a pressure 
of 10 MPa for 1 min. Finally, the tablet was removed 
from the mold and placed into an FTIR for scanning.

Results and Discussion

The performance and characterization of ATP loaded 
with nZVI can be thoroughly investigated through 
various analytical methods, including structural, 

porosity, functional group, and morphological 
properties. In recent years, a novel type of nanomaterial 
has been developed by functionalizing ATP and loading 
it with nZVI [15]. 

XRD of ATP-nZVI Nanocomposites

The XRD patterns of ATP loaded with varying 
concentrations of FeCl2 were analyzed to elucidate the 
crystalline structure, phase composition, and particle size 
of nZVI loading. Typically, the XRD spectra displayed 
distinct peaks at specific 2θ angles, which corresponded 
to the crystallographic planes of nanocomposites, 
providing valuable insights into their structural 
characteristics [11]. The observed peaks are attributed 
to the crystallographic planes of the face-centered 
cubic structure in both functionalized attapulgite 
and ATP loaded with nZVI [16]. As shown in Fig. 1,  
the XRD peaks at 2θ = 26.9°, 28.2°, and 31.1° correspond 
to the (700), (158), and (113) planes of functionalized 
attapulgite (0 g/mL FeCl2), respectively. The strongest 
diffraction peak of functionalized attapulgite (0 g/mL 
FeCl2) appeared at 2θ = 26.9°, which was sharp and 
highly intense, serving as its characteristic diffraction 
peak. The results suggested that functionalized 
attapulgite possessed a complete crystalline structure. 
When 0.10 g/mL FeCl2 was introduced onto ATP,  
the 2θ = 36.5° was observed in the spectrum of nZVI, 
which represented the successful loading of Fe0. 
Similarly, the peaks at 30.9°, 50.3°, 36.9°, and 42.4° 
observed in the samples with 0.05 g/mL, 0.10 g/mL,  
0.15 g/mL, and 0.30 g/mL FeCl2 were representative of the 
successful loading of Fe0. The characteristic diffraction 
peaks of ATP loaded with nZVI showed a decrease 
in intensity, while the position of the characteristic 
peaks remained largely unchanged, indicating that 
the structure of ATP-nZVI nanocomposites was 
not significantly altered. The results suggested that  
ATP-nZVI nanocomposites maintained a stable 
structure. Therefore, it was the concentration of FeCl2 
that significantly affected its XRD pattern characteristics 
[17]. These alterations may suggest variations in the 
crystalline structure resulting from the incorporation 
of nZVI onto the ATP framework [18]. By adjusting 
the concentration of FeCl2, it was possible to control 
the crystal structure and particle size of nZVI, thereby 
optimizing its performance in critical applications such 
as environmental remediation [19, 20]. 

EDS of ATP-nZVI Nanocomposites

The EDS images provided comprehensive 
information about the distribution of various elements 
within the nanomaterial, which helped in understanding 
its composition and structure [21-23]. The EDS images 
illustrated the distribution of silicon (Si), oxygen 
(O), aluminum (Al), and iron (Fe) across different 
loading concentrations in Fig. 2. In the Si-EDS 
mapping, the distribution of Si was relatively uniform 
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at all concentrations, and the number of blue dots 
increased significantly with increasing concentration;  
the distribution of Si was highlighted by a series of 
blue nanoparticles, clearly indicating the formation of a 
discrete Si phase. Similarly, in the O-EDS mapping, the 
distribution of O also became denser as the concentration 
increased; the presence of a discrete O phase was 
revealed by green nanoparticles. In the Al-EDS 
mapping, the distribution of Al was relatively uniform, 
but at higher concentrations (such as 0.30 g/mL), 
the distribution density increased significantly, and 
the formation of a discrete Al phase was shown by 
orange nanoparticles. For the Fe-EDS mapping, the 
presence of a discrete Fe phase was indicated by red 
nanoparticles; the distribution of Fe was relatively 
sparse in 0 g/mL FeCl2, with the concentration of 
FeCl2 solution increasing from 0.01 g/mL to 0.15 g/mL, 
 the number of red dots increased and the distribution 
of Fe became more uniform, which represented the 
successful loading of Fe0. However, in 0.30 g/mL FeCl2, 
the distribution of Fe became dense, which represented 
an agglomeration of nZVI particles. The distribution of 
Si, O, and Al remained relatively stable across different 
concentrations, indicating that the intrinsic chemical 
composition of ATP was not significantly altered by 
varying nZVI loadings. Meanwhile, the increased and 
more uniform distribution of Fe at higher concentrations 
showed effective loading of nZVI onto the attapulgite. 
Therefore, the results showed that this uniform 
distribution of nZVI was crucial for enhancing the 
catalytic activity and reactivity of the nanocomposites. 
Specifically, a uniform and high concentration of nZVI 
loading could improve the adsorption and reduction 
capabilities of nanocomposites [24-26]. 

SEM of ATP-nZVI Nanocomposites

The SEM images revealed the morphological 
changes of ATP-nZVI treated with varying 
concentrations of FeCl2 solution [13]. Fig. 3a) displayed 
functionalized attapulgite particles that possessed  
a relatively smooth surface and maintained intact shapes, 
indicating no significant nZVI deposition in the absence 
of FeCl2. In Fig. 3b), the surface of the attapulgite 
particles was observed to begin showing small nZVI 
particles, although their distribution was not uniform.  
This indicated that Fe started to react with the attapulgite 
surface, resulting in the formation of a limited amount 
of nZVI at 0.01 g/mL FeCl2 concentrations. The number 
and distribution of nZVI on the particle surface were 
observed to increase, and the surface became noticeably 
rougher in Fig. 3c). This indicated that 0.05 g/mL 
FeCl2 concentration led to more Fe participating in the 
reaction, resulting in a greater amount of nZVI. The 
distribution of nZVI particles became more uniform, 
while the surface roughness also increased in Fig. 
3d). This suggested that at this concentration, with an 
optimal range (around 0.10 g/mL), the reaction was 
more complete, leading to a higher loading of nZVI 
particles on the surface. The distribution of nZVI 
particles on the particle surface became denser, and the 
surface roughness was further enhanced, with more 
agglomerates forming in Fig. 3e). This might be due to 
the higher FeCl2 concentration causing agglomeration 
of nZVI particles. The distribution of nZVI particles 
on the particle surface was extremely dense, and the 
surface appeared highly roughened, with significant 
agglomeration in Fig. 3f). This indicated that at this 
concentration, the loading of nZVI reached a high level, 
but agglomeration was also significant, potentially 

Fig. 1. XRD of attapulgite loaded with nano-zerovalent iron. 
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of FeCl2 was identified as optimal for achieving the most 
effective loading of nZVI onto attapulgite.

Specific Surface Area of ATP-nZVI  
Nanocomposites

Specific surface area analysis was a crucial 
characterization technique used to accurately determine 
the specific surface area of materials. Widely employed 
across diverse fields such as porous materials, catalysts, 
adsorbents, and nanomaterials, it provided essential data 

affecting its dispersion and reactivity. The results 
provided valuable insights into how the concentration 
of FeCl2 influenced the surface characteristics and 
distribution of nZVI on attapulgite. As the FeCl2 
concentration increased from 0 g/mL to 0.30 g/mL, 
the quantity and distribution of nZVI particles on 
the attapulgite surface also increased, leading to a 
rougher surface. However, excessively high FeCl2 
concentrations could lead to significant agglomeration 
of nZVI particles, which might affect their dispersion 
and reactivity. Therefore, the concentration of 0.10 g/mL 

Fig. 2. EDS of attapulgite loaded with nano-zerovalent iron.
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for investigating surface properties, pore structures, and 
adsorption performance [27]. By measuring a material’s 
gas adsorption capacity, specific surface area analysis 
accurately reflected its surface characteristics [28]. Fig. 4 
revealed a systematic trend in adsorption behavior with 
increasing FeCl2 concentration. At low concentrations 
(0.01 g/mL and 0.05 g/mL), the adsorption capacity 
slightly improved, suggesting that trace amounts of 
FeCl2 might enhance the material’s specific surface area 

by introducing micropores or surface modifications. 
However, at higher concentrations (0.10 g/mL  
to 0.30 g/mL), the adsorption capacity significantly 
decreased, particularly for the 0.30 g/mL group, 
where the isotherm shifts downward markedly.  
This decline likely results from pore blockage or particle 
agglomeration caused by excessive FeCl2, reducing 
accessible adsorption sites. As shown in Table 1, with 
FeCl2 concentrations changing, SBET, Vmic, and Davg of 

Fig. 3. SEM of attapulgite loaded with nano-zerovalent iron.

Fig. 4. Specific surface area of attapulgite loaded with nano-zerovalent iron.

a) b) c)

d) e) f)
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nanocomposites also changed. Among all concentrations, 
a dosage of 0.10 g/mL FeCl2 simultaneously optimized 
both the specific surface area and the micropore volume, 
but was accompanied by a significant increase in pore 
size. The results showed that excessive irons, while 
enhancing the porous structure, lead to pore expansion. 
Overall, the effect of FeCl2 concentration on the 
nanocomposite’s pore structure was non-monotonic, with 
an optimal range (0.10 g/mL) for maximizing adsorption 
performance, while excessive concentrations degraded 
porosity. Additionally, a distinct hysteresis loop was 
observed in the mid-to-high pressure range, suggesting 
the formation of more mesoporous and macroporous 
structures and a significant enhancement in porosity. 
The sample without FeCl2 (0 g/mL) demonstrated the 
lowest adsorption capacity, further confirming the role of 
FeCl2 in modulating the nanocomposite’s pore structure. 

A concentration of 0.10 g/mL was identified as optimal 
for promoting the formation of more mesoporous or 
macroporous structures and achieving a significant 
enhancement in porosity. Overall, the introduction of 
FeCl2 had a profound impact on the nanocomposite’s 
porous characteristics, likely by influencing pore-
forming performance or crystal growth processes [29]. 

FTIR of ATP-nZVI Nanocomposites

FTIR was a powerful tool for analyzing the chemical 
structure of nanocomposites [30]. By analyzing the 
infrared spectra of ATP loaded with nZVI at various 
FeCl2 concentrations, it was possible to provide 
important information about the chemical structure 
and functional groups of nanocomposites [31-33]. As 
shown in Fig. 5, the typical peak of Si-O-Si was located 
at 782 cm⁻¹, which showed that the basic structure of 
functionalized attapulgite (0 g/mL FeCl2) remained 
intact. At 3609 cm⁻¹, the stretching vibrations of the 
C-OH peak were found, which possibly suggested 
the presence of hydroxyl groups or adsorbed water in 
functionalized attapulgite. At 2513 cm⁻¹, the stretching 
vibrations of the C≡N or C≡C peak were shown, 
which typically represented organic compounds in 
functionalized attapulgite. The bending vibrations  
of the O-H peak were located at 1434 cm⁻¹,  
indicating that functionalized attapulgite might contain 
adsorbed water or structural water. At 1347 cm⁻¹  
and 1578 cm⁻¹, the bending vibrations of the C-H peak and 
the stretching vibrations of the C=C peak were presented, 

Fig. 5. FTIR of attapulgite loaded with nano-zerovalent iron.

SBET (m
2/g) Vmic/(cm3/g) Davg/(nm)

0g/mL FeCl2 123.94 0.4000 18.33

0.01g/mL FeCl2 117.17 0.4846 16.54

0.05g/mL FeCl2 101.08 0.4261 16.86

0.10g/mL FeCl2 135.46 0.5681 28.84

0.15g/mL FeCl2 114.97 0.3008 28.66

0.30g/mL FeCl2 115.13 0.3703 27.88

Table 1. Specific surface area, pore volume, and average pore 
size of various materials.
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which indicated the presence of organic impurities 
or functional groups in functionalized attapulgite.  
At 451 cm⁻¹, the peak was associated with the bending 
vibrations of Fe-O. Similarly, the FTIR spectrum of 
nanocomposites (0.01 g/mL FeCl2) indicated diverse 
kinds of peaks were observed at 798, 3622, 2510, 1435, 
1335, and 1557 cm⁻¹, corresponding to diverse modes of 
bonds, respectively. At 467 cm⁻¹, the stretching vibration 
peaks showed different degrees of shift compared 
with the peaks of functionalized attapulgite (0 g/mL 
FeCl2); the result indicated that C-OH participated in 
the electron gain/loss process of Fe2+ or bonded with 
Fe0 in the form of shared electrons. Therefore, the new 
absorption peak occurring at 467 cm⁻¹ represented 
the successful loading of Fe0. The bands at 797, 3621, 
2512, 1433, 1343, and 1551 cm⁻¹ corresponded to 
diverse peaks in 0.05 g/mL FeCl2, and at 470 cm⁻¹ the 
peak was associated with the bending vibrations of 
Fe0, which represented the successful loading of Fe0.  
The bands at 798, 3633, 2521, 1435, 1345, and 1578 cm⁻¹ 
corresponded to diverse peaks in 0.10 g/mL FeCl2,  
and at 471 cm⁻¹ the peak was associated with the bending 
vibrations of Fe0, which represented the successful 
loading of Fe0. The bands at 798, 3629, 2513, 1429, 1344, 
and 1563 cm⁻¹ corresponded to diverse peaks in 0.15 g/mL 
FeCl2, and at 468 cm⁻¹ the peak was associated with 
the bending vibrations of Fe0, which represented the 
successful loading of Fe0. The bands at 798, 3619, 2512, 
1427, 1339, and 1570 cm⁻¹ corresponded to diverse 
peaks in 0.30 g/mL FeCl2, and at 471 cm⁻¹ the peak was 
associated with the bending vibrations of Fe0, which 
represented the successful loading of Fe0. The results 
showed that the peak might become more pronounced 
with FeCl2 concentration increasing, indicating the 
formation or enhancement of Fe-O and Fe0 bonds, which 
demonstrated the successful loading of nZVI onto the 
attapulgite surface. Changes in this peak with increasing 
FeCl2 concentration might indicate changes in the 
adsorption or desorption behavior of water molecules. 
The FTIR spectrum offered valuable insights into  
the structural and chemical property changes of ATP 
loaded with nZVI. By analyzing these characteristic 
peaks, a deeper understanding of the composition and 
properties of nanocomposites could be achieved, thereby 
providing a foundation for further application research 
[17, 34].

Conclusions

In summary, this study presented a comprehensive 
investigation into the synthesis and characterization of 
ATP loaded with nZVI, with a systematic evaluation 
of their performance through advanced nanocomposite 
testing techniques. The nanocomposites were synthesized 
using attapulgite and FeCl2 at varying concentrations, 
with particular emphasis on elucidating the influence of 
FeCl2 concentration on their physicochemical properties 
and functional performance. The XRD results indicated 

that ATP-nZVI nanocomposites maintained a stable 
structure because the concentration of FeCl2 affected its 
XRD pattern characteristics. The EDS results suggested 
that the uniform distribution of nZVI was crucial 
for enhancing the catalytic activity and reactivity of 
the nanocomposites. The SEM results showed that 
the concentration of FeCl2 influenced the surface 
characteristics and distribution of nZVI on attapulgite. 
The BET results showed that FeCl2 concentration 
affected the porosity of ATP-nZVI. The FTIR results 
suggested that FeCl2 concentration influenced the 
functional groups of nanocomposites. These findings 
provided important theoretical and practical guidance 
for optimizing synthesis parameters and improving the 
application efficiency of ATP-nZVI nanocomposites in 
environmental remediation and industrial processes. 
The thorough characterization and performance 
assessment conducted in this study not only deepened 
the understanding of ATP-nZVI nanocomposites but 
also highlighted their significant potential for various 
applications. This research contributed valuable insights 
to the field of nanocomposites and their practical 
implementation.
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