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CdS nanoparticles-Loaded 1D attapulgite Composites for Boosting Photocatalytic
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ABSTRACT: Attapulgite clay-supported CdS composites were synthesized via hydrothermal approach and applied
to remove Rhodamine B (RhB). The structural, morphological, and physicochemical properties of the materials were
systematically characterized by XRD, TEM, XPS, BET and UV-Vis DRS. The combination of CdS and attapulgite
could enhance active site availability and surface area, thereby boosting photocatalytic activity.The optimized
CdS/attapulgite composite demonstrated remarkable photocatalytic efficiency under visible-light illumination. In
addition, a potential photocatalytic degradation mechanism by the composites was proposed.
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1 Introduction

As the industrial economy has developed, the textile printing and dyeing industry has also experi-
enced rapid growth. However, the production process of this industry discharges a large amount of dye
waste water, causing severe pollution to the environment. This makes the purification of
dye-contaminated water extremely important. Multiple approaches have been established for the treat-
ment of dye-laden effluents, such as activated carbon adsorption, semiconductor photocatalytic technolo-
gy, ultrafiltration, reverse osmosis, biodegradation, etc. [1-5]. Among various approaches, semiconductor
photocatalysis demonstrates distinctive merits for organic dye decomposition owing to its facile synthesis,
economic viability and eco-friendly characteristics.

Therefore, it is imperative to develop photocatalysts with exceptional photocatalytic efficiency. Ow-
ing to their unique optoelectronic and catalytic properties coupled with relatively stable chemical charac-
teristics. metal chalcogenide semiconductors have been extensively investigated. CdS is a prototypical
visible-light-responsive photocatalyst that has attracted significant attention due to its optimal band struc-
ture and stable phase composition. However, pristine CdS exhibits limited photocatalytic efficiency ow-
ing to its constrained active surface area, tendency for particle agglomeration, and electron-hole pairs
generated by photoexcitation quickly recombine, which severely restricts its practical applications [6,7].

Attapulgite (ATP) is a naturally occurring hydrated silicate mineral characterized by its distinctive
layer-chain structure and nanofibrous morphology [8]. This mineral is cost-effective, chemically stable,
and exhibits exceptional adsorption capacity owing to its well-developed internal channel system [9,10].
Furthermore, attapulgite possesses an extensive specific surface area combined with numerous active
sites, making it an ideal supporting matrix for loading various metal chalcogenides to construct functional
composite materials.

In this study, CdS nanoparticles were employed to decorate one-dimensional attapulgite for the fab-
rication of CdS/ATP nanocomposites. And then photocatalytic activities of the prepared materials were
assessed by decomposing organic dyes under visible-light illumination. Finally, the underlying mecha-
nism for organic dye photodegradation was thoroughly elucidated.
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2 Experimental
2.1 Synthesis of the Composite

0.2 g attapulgite powder was homogeneously distributed throughout 60 mL deionized water by agi-
tation, and the mixture was ultrasonically treated for half an hour. Then, A stoichiometric amount of cad-
mium acetate and sodium sulfide was introduced into the suspension under continuous stirring for 2 h.
After transferring the mixture into a 100 mL PTFE-lined hydrothermal reactor, it was heated to and
maintained at 180°C for 12 h, followed by filtration, washing, and drying to obtain the CdS/ATP compo-
site material by changing the amounts of the Cd(CH3COO), and Na,S, the weight percentages of CdS
loaded on attapulgite were set at 10%, 20%, 30%, 40%, and 50%.

2.2 Characterization

A DX-2700 XRD analyzer was used for structural characterization. Morphological analysis was
conducted via transmission electron microscopy (TEM, JEM-2100). Surface composition was determined
by XPS (ESCALAB 250). Optical properties were evaluated through UV-Vis DRS measurements
(UV-2450) and BET surface area was measured by an Autosorb-1 analyzer.

2.3 Photocatalytic Activity

In a typical procedure, the photocatalyst (100 mg) was uniformly mixed into a 100 mL aqueous solu-
tion of RhB (10 mg/L) light-protected Shaking for 0.5 h for adsorption. Subsequently, the suspension was
carefully moved to a temperature-regulated chamber and exposed to a 300 W xenon lamp with visible
light-transmitting optical filter. At 20-min intervals, a 5 mL suspension sample was collected. Then the
sample was centrifuged at 6000 rpm to to separate solid particulates. The supernatant was analyzed using
a UV-Vis spectrometer, measuring the concentration of RhB at its maximum absorption wavelength (554
nm). The degradation efficiency was calculated by the equation:

D% = [(Co — C1)/Co] * 100% (D

with Cp and C; corresponding to the starting and time-dependent concentrations, respectively.

3 Results and Discussion
3.1 XRD Analysis

Structural evolution from individual components (ATP and CdS) to composite materials with de-
signed CdS loading levels was systematically analyzed by XRD, as demonstrated in Fig. 1. The charac-
teristic peaks near 8.5°, 19.8°, 28.1° and 35.0° can be identified (110), (400), (040), (440) lattice planes of
attapulgite (PDF#29-0855). In the case of bare CdS, the main diffraction peaks at 24.7°, 26.5°,43.7° and
51.9%are indexed as the (100), (002), (110), (112) lattice planes of hexagonal CdS (PDF# 06-0314), re-
spectively. The successful deposition of CdS nanoparticles on ATP is confirmed by the preservation of
characteristic diffraction peaks from both hexagonal CdS and attapulgite in the composite materials.
While the concentration of CdS increases, the characteristic diffraction peak intensity of attapulgite at
8.5° gradually decreases and which of CdS gradually increases. The results demonstrate the successful
preparation of CdS/ATP composite.
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Figure 1: XRD patterns of ATP, CdS, and CdS/ATP composites.

3.2 TEM Analysis

The TEM image of 40wt% CdS/ATP composite is shown in Fig. 2a. The ATP exhibits a fibrous
morphology with diameters ranging from 20 to 60 nm. The ATP fibers maintain their structural integrity
after CdS nanoparticle deposition, with the nanoparticles being uniformly dispersed on their surfaces The
EDS spectrum (Fig. 2b) confirmed that 40wt% CdS/ATP composite contains Si, Mg, Al, Cd and S. These
results demonstrate that CdS nanoparticles are successfully immobilized on the attapulgite substrate,
forming a composite material.
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Figure 2: (a) TEM image of 40wt% CdS/ATP composite and (b) EDS spectrum.

3.3 XPS Analysis

The XPS analysis was conducted to thoroughly investigate the 40wt% CdS/ATP composite, aiming
to obtain more precise understanding of the elemental valence states. As shown in Fig. 3a, two character-
istic peaks can be observed at the position of 404.9 eV (Cd 3ds) and 411.8 eV (Cd 3ds2), which verifies
the Cd*" state in CdS. Similarly, the S 2p spectrum (Fig. 3b) reveals the doublet located at 162.2 eV and
163.0 eV, corresponding to S 2ps» and S 2pix respectively, which clearly indicates the presence of S*~
anions in CdS [11,12]. Additionally, the Si 2p spectrum (Fig. 3c) displays a binding energy of 102.2 eV,
consistent with the Si-O framework of attapulgite [13]. These results collectively demonstrate the suc-
cessful formation of CdS/ATP composites.



990 Chalcogenide Lett. 2025; 22(11)

() Cd 3d (b) S2p
Cd 3dg,
= 5
S =
& &
2 =
2 2
= =
415414 413 412 411 410 409 408 407 406 405 404 403 402 401 168 167 166 165 164 163 162 161 160 159 158 157 156 155
Binding Energy (eV) Binding Encrgy (eV)
(© Si 2p

S

X5

2

E

T T T T Loy T
110 108 106 104 102 100 98 96 94
Binding Energy (eV)
Figure 3: XPS spectra of 40 wt% CdS/ATP composite (a) Cd 3d, (b) S 2p, and (¢) Si 2p.
3.4 BET Analysis

BET analysis serves as one of the essential methods for characterizing photocatalytic activity. As
shown in Fig. 4, pure ATP and 40wt% CdS/ATP exhibit type IV isothermal adsorption-desorption curves,
indicating their mesoporous adsorption characteristics [14,15]. According to Table 1, after loading CdS
onto the ATP surface, both the surface area and hole capacity increased significantly. These facilitates the
adsorption of RhB molecules and enhances light-harvesting capability, thereby improving photocatalytic
efficiency.

Table 1: BET data for ATP and 40 wt% CdS/ATP.

Material Surface Area/(m*/'g) Hole Capacity/(m?/g)
ATP 120.5 0.37
40wt% CdS/ATP 182..6 0.52
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Figure 4: N, adsorption-desorption isotherm of ATP and 40wt% CdS/ATP composite.

3.5 DRS Analysis

Fig. 5a confirms that the absorption spectra of CdS and CdS/ATP composites are predominantly lo-
cated within the visible light range, while demonstrating gradually strengthened light absorption and a
slight red shift of the light absorption edge with increasing CdS loading. The optical bandgaps (E,) of the
CdS/ATP composites were determined using the Tauc plot method [16,17]. Bandgap analysis via Tauc
plots presented in Fig. 5b, calculated from the spectral data in Fig. 5a. The extrapolated linear regions
yield E, values ranging from 2.25 eV to 2.35 eV for the CdS/ATP composites, confirming their visi-
ble-light absorption capability.
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Figure 5: (a) UV-Vis DRS of CdS/ATP composites; (b) the corresponding band gap widths.

3.6 Photocatalytic Activity

RhB solution was selected as the target pollutant to evaluate the photocatalytic performance of CdS
and CdS/ATP composites (Fig. 6a). In the dark period, all the samples show some degradation of RhB
(about 10%), which is mainly due to the minor amount adsorption of attapulgite. Owing to synergistic
effects, the CAS/ATP composite demonstrates significantly enhanced photocatalytic activity toward RhB
degradation relative to its individual components (pure attapulgite and pure CdS). Notably, 40wt%
CdS/ATP composite achieves the best RhB removal efficiency, with a degradation rate of 92% in 2 h un-
der visible light irradiation. At its core, this phenomenon results from that the combination of CdS and
attapulgite can richer active sites accompanied by enlarged specific surface, which is beneficial for im-
proving photocatalytic performance [18]. The RhB degradation kinetics followed first-order kinetics
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[19,20], with the corresponding kinetic curves presented in Fig. 6b. The 40wt% CdS/ATP composite
achieves an RhB degradation rate constant (k) of 0.018 min', representing 2.6-fold and 18-fold en-
hancements over pure CdS and pure attapulgite, respectively. Time-resolved Ultraviolet-visible spectros-
copy (Fig. 6¢) served to monitor the attenuation of RhB’s characteristic absorption peak during photo-
catalytic degradation by the 40 wt% CdS/ATP composite. The marked reduction in the maximum ab-
sorbance of RhB is ascribed to deethylation processes, demonstrating that the photodegradation of RhB
involves both deethylation and breakdown of the chromophoric structure [21,22]. The photocatalytic sta-
bility has been thoroughly examined through multiple degradation cycles. Fig. 6d illustrates the results of
five cycles of RhB degradation using 40wt% CdS/ATP composite. The outcomes demonstrated that the
40wt% CdS/ATP photocatalyst is effectively recycled for 5 runs without a significant drop in photodeg-
radation, indicating the good stability.
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Figure 6: (a) RhB degradation curves, (b) and corresponding kinetic curves of samples for RhB, (¢) RhB temporal
UV-vis absorption spectrum, (d) Reusability of 40wt% CdS/ATP composite for degradation of RhB.

3.7 Photocatalytic Mechanism

The primary reactive species involved in conventional photocatalytic dye degradation include h*,
*OH, and +O:". In the 40wt% CdS/ATP photocatalytic system for RhB degradation, the corresponding
scavengers triethanolamine (TEOA), tert-butyl alcohol (TBA) and benzoquinone (BQ) were sequentially
added to quench these reactive species [23,24]. Fig. 7 shows the scavenger effects in photocatalysis. The
*O:" serves as the predominant active species, while holes (h*) play a secondary role and hydroxyl radi-
cals (*OH) show negligible involvement in RhB photodegradation. As a result, CdS can be activated when
the composite is irradiated under visible light, and the charge carriers (electrons and holes) are produced.
Electrons migrating through conduction band have the capability to efficiently combine with molecular
oxygen in the system, leading to the formation of superoxide radicals (¢O2"), which is a strong oxidizing
agent species that degrades RhB molecules. Furthermore, the active holes on the valence band can direct-
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ly oxidize organic pollutants. Meanwhile, attapulgite can quickly aggregate dye molecules around photo-
catalysts and increase a large number of active sites, serving as an efficient co-catalyst, improve photo-
catalytic activity. Eventually, the organic pollutant RhB is oxidized to small molecules including CO, and
H,O for degradation.
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Figure 7: Scavenger experiment of 40wt% CdS/ATP composite for RhB degradation.

4 Conclusions

The CdS/ATP composites are successfully prepared by hydrothermal method. Attapulgite as a carrier
can provide more active sites and increase specific surface area for photocatalytic degradation. Notably,
with 40wt% CdS nanoparticles deposition, the CdS/ATP composite displays superior photocatalytic ca-
pability, and the degradation rate of RhB reaches 92% within the visible spectrum. Additionally, the cy-
clic experiments of CdS/ATP compositehave confirmed that the 40 wt% composite has practical recycla-
bility and photostability. The *O," serves as the predominant active species, while holes (h") play a sec-
ondary role and hydroxyl radicals (*OH) show negligible involvement in RhB photodegradation. There-
fore, the synergistic effect of CdS and attapulgite can effectively enhance photocatalytic activity.
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