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Abstract

With the deepening implementation of China’s “carbon peaking and carbon neutrality goals” strategy,
the photovoltaic industry, as a core pillar of renewable energy, has achieved large-scale development, driving
rapid growth in polysilicon market demand and production capacity. In the mainstream modified Siemens
process for polysilicon production, trace impurities in trichlorosilane (TCS) precursors severely degrade the
electrical properties of polysilicon, thereby compromising its efficiency and reliability in solar cells and sem-
iconductor devices—posing a critical technological bottleneck for improving high-purity material yield. Alt-
hough activated carbon is widely employed as an adsorbent for organic and inorganic impurities, its inherent
limitation in selective adsorption capacity leads to significantly reduced removal efficiency for ppb-level
phosphorus trichloride (PCl3). This study addresses this challenge by modifying activated carbon through
surface-loaded metal-active components and oxygen vacancy engineering, successfully enhancing its adsorp-
tion capacity for trace PCl; and overcoming the technical limitations of natural activated carbon. The key
findings and conclusions are outlined below:

(1) Fe/AC adsorbents were synthesized via the impregnation-calcination method. Experimental results
showed that the iron loading and reduction temperature had a significant impact on the adsorption of ppb-
level PCls, leading to an 80.53% removal efficiency, which was 26% higher compared to unmodified acti-
vated carbon. The adsorbent demonstrated good regenerability through thermal treatment, maintaining con-
sistent performance over four regeneration cycles. Combined adsorbent characterization and adsorption mod-
eling indicated that the adsorption mechanism was primarily chemisorption-based, involving a monolayer
adsorption process. The presence of smaller, uniformly distributed iron nanoparticles increased the number
of active sites, while electron-deficient iron centers facilitated electron transfer.

(2) DP-Fe/AC adsorbent with enhanced trace PCl; adsorption capacity was prepared through optimized
precipitation-deposition pretreatment, achieving 85.89% removal efficiency. The material maintained over
80% efficiency after regeneration cycles, demonstrating excellent stability. Combined adsorbent characteri-
zation and adsorption kinetic analyses revealed that the precipitation-deposition method utilized carrier sur-
face active sites to lower nucleation barriers, inhibiting bulk precipitation and improving iron dispersion.
This increased active site exposure and enhanced adsorption capacity. The process was dominated by chem-
isorption, with intraparticle diffusion not being the sole rate-limiting mechanism.

(3) The V<O,/AC adsorbent, rich in oxygen vacancies, was prepared via a method involving complexa-
tion of ammonium metavanadate and oxalic acid, followed by impregnation-calcination. This process re-
sulted in an 80.06% removal efficiency of PCl; under optimized conditions. Subsequent regeneration cycles

showed a minimal decrease of less than 3% in removal efficiency, indicating remarkable regeneration stability.



Combined adsorbent characterization and adsorption kinetic analysis, unveiled a mechanism primarily gov-
erned by chemisorption. The vanadium atoms within the vanadium oxide possess partially filled d-orbitals,
enabling electron acceptance for the formation of coordinate bonds. The introduction of oxygen vacancies
generated additional active sites, thereby improving PCl; adsorption through enhanced chemical bonding.

The activated carbon-supported metal/metal oxide adsorbents developed in this study show improved
adsorption efficiency for ppb-level PCls. With a straightforward preparation process and economical materi-
als, these adsorbents offer valuable insights and practical potential for removing trace amounts of PCls in
polysilicon production.

Key words: Activated carbon; Elemental iron; Vanadium oxides; PCls; Polycrystalline silicon
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