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ABSTRACT 

Polyvinyl chloride (PVC), one of the most extensively produced polymers, has raised significant environment 

and public health concerns due to its persistence in ecosystem, long-term accumulation and associated toxicity. 

The well-established mechanical recycling approach for treating waste PVC often result in polymer 

degradation and release of hazardous by-products, such as corrosive HCl. We envisage that mechanical 

recycling in tandem with a halogenation reaction provide a new solution to waste PVC management. Herein, 

we demonstrated that PVC plastic could serve as chlorination reagents, in combination with triboelectric 

catalyst, to achieve efficient halogenation of alcohols under ball milling condition. The triboelectric catalyst, 

TiO2, mediates the single electron transfer process that promotes the dehydrochlorination of PVC, thereby 

enabling the in-situ chlorination of alcohols. This strategy was applicable to a variety of aliphatic and benzylic 

alcohols, yielding the corresponding organic chlorides in moderate to excellent yields. In particular, the yield 

of benzyl chloride reached 95% after 4 h of ball milling. Structural analysis confirmed that polymer formed by 

dehydrochlorination of PVC contained olefin, carbonyl and aromatic structures. Additionally, Cl could be 

completely removed, and the molecular weight decreased from 65.0 kDa to 4.6 kDa after recycling and 

reusing PVC five times. This mechanochemical approach was also successfully applied in real plastics 

applications and scale-up experiments. Overall, this method provides inspiration for using PVC as a chlorine 

source to initiate chemical reactions through mechanochemical approaches. 

INTRODUCTION 

Polyvinyl chloride (PVC) is one of the top five commodity polymers, accounting for 9.6% of global plastic 

production.1–3 Despite their enormous utility, PVC waste management has become a global challenge, as  

common industrial approaches (direct landfill and incineration) lead to plastic accumulation and emission of 

hazardous by-products in ecosystem. In addition, pyrolysis of PVC presents similar challenges to incineration. 

While catalytic hydrocracking has been explored for polyolefins recycling, its application to PVC remains 

limited due to catalyst deactivation caused by chlorine species.4,5 Therefore, a two-step process involving PVC 
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dechlorination followed by decomposition have been developed. PVC can be converted into PE-like materials 

or serve as a chlorine source to facilitate various chemical reactions via electrocatalysis, metal catalysis or 
thermal catalysis.6–12

 Despite recent advancements, recycling of PVC still demands harsh conditions and the use of 

costly metal catalyst, which may pose challenges for large-scale implementation within existing industrial systems. 

Mechanical recycling, one of the dominant industrial methods for waste plastic management, commonly 

involves the repurposing of plastics by sorting, grinding and reprocessing. During grinding process, 

mechanochemical degradation occurs via force induced polymer chain scission. Recent studies on 

mechanochemical degradation of polyesters and polyolefins have demonstrated significant advantages, 

including mild, solvent-free  operation conditions and scalability.13–16 Mechanochemical dichlorination of 

PVC was also accomplished by ball milling treatment.17–20 However, in most cases, HCl is produced and 

typically neutralized with excessive amounts of base, raising significant environmental concerns. Contact-

electro-catalysis (CE), a unique form of mechanochemical transformation, leverages tribo-electrification 

between triboelectric material and substrate to mediate single electron transfer (SET) process.21 Owing to its 

unique catalytic activity, cheap and readily available triboelectric materials have recently been employed in 

the degradation of organic pollutants.22–24 

Herein, we propose that C-Cl bond in PVC can be activated by CE using commercial available TiO2 to 

promote efficient tandem dechlorination and alcohol halogenation reactions under ball milling. This 

mechanochemical approach enables halogenation of alcohols under mild conditions (air atmosphere, solvent-

free), avoiding hazardous reagents and delicate operating conditions commonly associated with conventional 

protocols. This strategy was applicable to a variety of aliphatic and benzylic alcohols to yield corresponding 

organic chlorides in moderate to excellent yield. In particular, the yield of benzyl chloride reached 95% after 4 

h of ball milling. Structural analysis of degraded-PVC (d-PVC) revealed that it can be completely 

dechlorinated, resulting in a Cl-free polymer containing olefin, carbonyl and aromatic structures. Notably, the 

molecular weight of the residual Cl-free polymer is remarkably low (4.6 kDa) after 5 cycles. A high yield of 

benzyl chloride (89%) could also be achieved using a PVC storage bag as Cl source. 
RESULTS AND DISCUSSION 

In this study, we used a commercial PVC (Mn=65.0 kDa) as chlorine source and benzyl alcohol as model 

substrate for the chlorination of alcohol. Initially, our experiments were conducted in a 10 mL ZrO2 milling jar 

with two 10 mm ZrO2 balls, operating at 30 Hz. The yield of benzyl chloride was determined by gas 

chromatography mass spectrometry (GC-MS). After 3 hours of ball milling with a 10 wt% TiO2 loading, a 13% 

yield of benzyl chloride was observed. Higher TiO2 loadings resulted in improved yields (Table 1, Entries 1-4), 

with a maximum yield of 83% at 50 wt% TiO2 (Table 1, Entry 5). A control experiment without TiO2 

confirmed the significantly lower yield of benzyl chloride (Table 1, Entry 6). 

Subsequently, the reaction parameters were further explored by varying the milling frequency and the size 

of milling balls. It was observed that reducing either the milling frequency or the size of the milling balls 

resulted in lower yields (Table 1, Entry 8-11). These findings underscore the crucial role of mechanical force 

and TiO2 in facilitating the halogenation reaction. We also tested other oxides, including SiO2, carbon black 

and BaTiO3 (Figure S1). Replacing TiO2 with SiO2 resulted in a slight decrease in the yield of benzyl chloride. 

In contrast, the use of BaTiO3 or carbon black led to a more significant reduction in yield, indicating that 

surface acidity also plays a crucial role in the reaction. Therefore, our subsequent investigation was centered 

using TiO2 (50 wt%) as tribo-catalyst with two ZrO2 balls (10 mm) at 30 Hz. The gel permeation 

chromatography (GPC) was used to characterize the change of number-average molecular weight (Mn) of 

PVC during ball milling. We observed a gradual decrease in Mn with the increase of TiO2 content or milling 

frequency (Figure S2 and S3). Moreover, the use of large balls facilitated the degradation of PVC (Figure S4). 
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These results were consistent with the findings from the chlorination of benzyl alcohol. As shown in Figure 

S2-S4, the higher molecular weight peak suggested the inter-chain coupling occurring during the ball milling 

process, particularly under conditions with a high yield of benzyl chloride. We conjecture that a greater extent 

of dehydrochlorination leads to a more unsaturated polymer structure for inter-chain coupling. 

 

Table 1. Optimization of the reaction conditions. [a] 

 
Entry TiO2 (wt%) Frequency (Hz) Ball Yield (%) [b] 

Number Size (mm) 
1 10 30 2 10 13 

2 20 30 2 10 15 

3 30 30 2 10 62 

4 40 30 2 10 72 

5 50 30 2 10 83 

6 0 30 2 10 10 

7 50 10 2 10 ＜1 

8 50 20 2 10 16 

9 50 30 2 12 84 

10 50 30 6 7 1 

11 50 30 16 5 ＜1 
[a] Reaction conditions: PVC (200 mg, 3.2 mmol (based on the repeating unit)), benzyl alcohol (31 μL, 0.3 

mmol) and TiO2 were charged inside a 10 mL ZrO2 milling jar using two ZrO2 ball (10 mm in diameter). The 

mixture was milled at 30 Hz for 3 h under air. [b] Determined by GC-MS with an internal standard curve. 

 

With the optimized conditions in hand, we set to examine the kinetics of PVC degradation and benzyl 

alcohol chlorination. GC-MS data confirmed that the yield of benzyl chloride reached 95% after 4 h, without 

the formation of dibenzyl ether side product (Figure 1a). In contrast, the yield was significantly lower in the 

absence of TiO2. In addition, the proton nuclear magnetic resonance (1H NMR) spectra also confirmed a 

substantial amount of benzyl alcohol remains unreacted in the absence of TiO2 (Figure S5). The internal 

temperature of the jar, measured using an infrared thermal camera, was determined to be 49.7 ℃ (Figure S6). 

This indicates that the chlorination of alcohols within the ball milling system occurs under mild conditions, 

obviating the necessity for elevated thermal condition (120°C), which helps to prevent the formation of side 

products. We speculated that TiO2 functions not only as a tribo-catalyst but also as a Lewis acid to activate C-

Cl bond. This mechanochemical activation is intrinsically linked to the degradation of PVC. We noted a 

continuous decreased in the Mn of d-PVC under different milling time. Specifically, in the presence of TiO2, 

Mn decreased from 65.0 kDa to 25.5 kDa, while the Mn only decreased to 33.9 kDa without TiO2 after 4 h of 

ball milling (Figure 1b, c). It appears that further degradation of PVC requires longer ball milling time, which 

will be discussed later in the paper. 
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Figure 1. The benzyl alcohol chlorination and degradation of PVC at different milling time. (a) Yield of 

benzyl chloride with or without TiO2. (b) Mn of d-PVC with TiO2 or (c) without TiO2. 

 

To investigate the impact of ball milling on the tribo-catalyst, we performed structural characterizations of 

TiO2 before and after the reaction. Scanning electron microscope (SEM) and transmission electron microscope 

(TEM) images confirmed the morphology of TiO2 nanoparticles remained unchanged (Figure S7 and S8). The 

observed interplanar spacing of 0.35 nm corresponds to the (101) plane of anatase TiO2. This result aligns 

with the X-ray diffraction (XRD) analysis shown in Figure S9 (PDF #211272), suggesting that the crystal 

structure did not undergo significant changes during the reaction. The O1s spectra of the TiO2 before and after 

reaction via X-ray photoelectron spectroscopy (XPS) analysis were listed in Figure S10. The oxygen species 

can be categorized into two components, lattice oxygen (≈530.0 eV) and oxygen vacancies (≈531.7 eV). 

Following mechanochemical treatment, an increase in oxygen vacancy content was observed on the surface of 

the TiO2, which may facilitate the catalytic electron transfer process.25,26 

To investigate the substrate scope of this method, we examined a variety of aliphatic and benzylic alcohols. 

The yields of the target products were determined by 1H NMR with terephthalaldehyde as an internal standard. 

The results are shown in Figure 2. Benzylic alcohols were efficiently converted into the desired products (1a 

and 1b) in 73-85% yields. However, the yield of 1c was lower due to the strong electron-withdrawing effect of 

the trifluoromethyl group. 2- Naphthalenemethanol gave the corresponding product 1d in a moderate yield of 

70%. Primary aliphatic alcohols also afforded the expected chlorinated products with yields ranging from 66 

to 85% (1i to 1l). Due to high activity of tertiary alcohol, the corresponding product was obtained in 81% 

yield (1f). We also examined the chlorination of cyclohexanol (1e) and 2,4-dichlorobenzyl alcohol (1h), 

achieving yields of 66% and 27%, respectively. These reactions are pivotal steps in the synthesis of 

diphenhydramine hydrochloride and lonidamine, two important pharmaceutical compounds. Interestingly, 1,2-

benzenedimethanol preferentially underwent disubstitution, yielding 1h in 74%. In contrast, cyclohexane-1,4-

diol favored monosubstitution to obtain 1m in 76% yield. 
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Figure 2. Substrate scope of chlorination reaction aliphatic and benzylic alcohols. Yields were determined by 1H 

NMR with terephthalaldehyde as internal standard. 

 

Next, we estimated the degree of dechlorination by 1H NMR (see the SI for more details). After 4 h of ball 

milling, we achieved only 36% dehydrochlorination, a result consistent with the elemental analysis (31%) 

(Table S1). We opted to recycle and reuse PVC multiple times to maximize the utilization of residual chlorine. 

After each reaction cycle, we washed and dried the solid mixture in a vacuum oven at 40℃. Benzyl alcohol 

was then added for subsequent reaction under the same conditions. As shown in Figure 3a, the yield of benzyl 

chloride remained above 90% after the second cycle but gradually decreased in subsequent cycles. This 

decline in yield also aligns with the gradual reduction in residual chlorine content of PVC observed during the 

recycle experiments. During the degradation process, a trace amount of toluene was detected (Figure S11). We 

conjectured that intramolecular cyclization or intermolecular cross-linking reaction occurs from the 

conjugated polyene chain to form aromatic groups, which were decomposed into aromatic hydrocarbons.27,28 

We also employed GPC to track the Mn change of d-PVC throughout the dehydrochlorination process. As the 

number of cycles increased, the Mn of d-PVC exhibited a continuous decrease, ultimately reaching a value of 

4.6 kDa after five cycles (Figure 3b). 

To further analyze the structure of d-PVC, we conducted Fourier transform infrared (FT-IR) spectroscopy 

and NMR analysis. As depicted in Figure 3c, the IR signal of the C–Cl bond stretch at 610 cm-1 gradually 

decreased, while the signal of the C=C bond stretch at 1630 cm-1 and the C=O bond stretch at 1710 cm-1 

emerged. The appearance of C=O bond indicates that the oxidation reaction occurred during the degradation 

of PVC. As shown in Figure 3d, the 1H NMR signals corresponding to the -CHCl- of PVC (4.3−4.8 ppm) 

decreased with cycle experiments, while the characteristic peaks at 5.2-5.6 ppm and 7.0-7.9 ppm attributed to 

the protons of olefin group and aromatic group emerged. Besides the 1H NMR, 13C NMR analysis was 

performed to further identify the structure of d-PVC. In Figure 3e, the characteristic peaks at 125-127 ppm 

and 137 ppm confirmed the formation of olefin and aromatic group, and the peak at 155 ppm was attributed to 

carbonyl group.  
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To compare the thermal stability and decomposition behavior of PVC and d-PVC, the thermogravimetric 

analysis (TGA) was conducted (Figure 3f). Original PVC was found to be thermally stable up to 290 °C, after 

which it underwent dehydrochlorination in the temperature range of 290-350 °C. As the temperature increased 

from 400 to 700 °C, the polyene structures were gradually deconstructed and pyrolyzed into carbon. In 

contrast, the TGA curves of d-PVC exhibited a continuous mass loss over the temperature range of 100-500° 

C, suggesting that the thermal stability of d-PVC is compromised due to the introduction of carbonyl structure 

during ball milling. After complete pyrolysis, it was found that d-PVC had a carbon yield of 30-40 wt%. It is 

worth noting that a small amount of insoluble polymer was observed after reaction (Figure S12). We selected 

the insoluble polymer from the last cycle to analyze its structure by solid-state cross-polarization magic-angle-

spinning (CP-MAS) 13C-NMR spectroscopy. Two new peaks appeared in the region of 110-130 ppm and 130-

150 ppm, which were assigned to the olefin and aromatic structures. Simultaneously, the peak at 55 ppm, 

corresponding to the -C-Cl group, disappeared completely (Figure S13). However, the signal corresponded to 

the oxidized products (carbonyl group) was absent in the insoluble polymer. 

This insoluble part can be used to prepare carbon materials by calcination in a tube furnace. The calcination 

was conducted at 700 °C for 3 h under N2 atmosphere. After naturally cooled to room temperature, the carbon 

material was obtained for further characterization. In the Raman spectroscopy analysis, the peak at 1580 cm-1 

corresponds to the G peak, characteristic of graphitic carbon, while the D peak at 1350 cm-1 is associated with 

disordered carbon (Figure S14). The intensity ratio of D and G peaks (ID/IG) was determined to be 0.9, 

indicating a moderate degree of graphitization. We also observed peaks in the range of 100-800 cm-1 that are 

associated with residual TiO2. The TEM images suggested the carbon nanosheets were successfully generated 

through the calcination process. (Figure S15a, f-g). Besides, high-angle annular dark field scanning 

transmission electron microscopy (HAADFSTEM, Figure S15b) and corresponding energy-dispersive 

spectroscopy mappings (EDS; Figure S15c-e) showed the distribution of the elements of C, Ti, and O. Next, 

we investigated the photothermal behavior of carbon material in water using a thermometric indicator measure 

temperature as a function of NIR exposure time. The aqueous solution containing a 15 mg sample experienced 

a temperature increase of nearly 30°C after 10 min irradiation, while the temperature change in pure water 

was significantly lower. (Figure S16). 
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Figure 3. Experiments on the recycling and reusing of PVC. (a) Yield of benzyl chloride and residual chlorine 

content in d-PVC after each cycle. (b) GPC analysis of PVC and d-PVC after different cycle. (c) FT-IR curves 

of PVC and d-PVC after different cycle. (d) 1H-NMR and (e) 13C-NMR spectrum of PVC and d-PVC after 

different cycle. (f) TGA curves of PVC and d-PVC after each cycle. 

 

To evaluate the applicability of this approach using real plastics, the commercial PVC storage bags were 

chopped into small pieces as chlorine source. During the ball milling process, the purple PVC bag pieces 

underwent direct dechlorination, resulting in the transformation into gray powder (Figure 4a). Unfortunately, a 

39% yield of benzyl chloride was obtained, primarily due to the presence of various additives in PVC plastics. 

Therefore, we washed the pieces with ethanol to remove additives. Encouragingly, the mechanochemical 

chlorination of benzyl alcohol could be carried out effectively, achieving a benzyl chloride yield of 89%. To 

demonstrate the practical application of this method, we conducted a scale-up experiment of chlorination of 2-

naphthalenemethanol in a 250 mL ZrO2 ball-milling jar with planetary ball milling (550 rpm) (Figure 4b). The 

reaction time was extended to 12 h to accommodate the increased amounts of reactants. Upon completion of 

the reaction, an isolate yield of 57% was achieved. The high purity of the product was confirmed by 1H NMR 

analysis.  

 

 

https://doi.org/10.26434/chemrxiv-2024-sbh10 ORCID: https://orcid.org/0000-0003-3226-3908 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-sbh10
https://orcid.org/0000-0003-3226-3908
https://creativecommons.org/licenses/by-nc-nd/4.0/


 
Figure 4. (a) Images of commercially available PVC products. (b) Scale-up experiment using planetary ball 

milling. 

 

To gain insight into the mechanism, mechanistic studies were designed and performed. Previous work has 

demonstrated that strong bases facilitate the dehydrochlorination of PVC via an E2 pathway.19,20 In our system, 

we conjectured that the C-Cl bond was activated via the single electron transfer (SET) mechanism to form free 

radical intermediate. We employed 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), a paramagnetic electron 

scavenger, to gain further insight into the mechanism of tribo-catalysis via electron paramagnetic resonance 

(EPR) spectroscopy. TEMPO would be reduced to TEMPOH in aqueous solution under the action of TiO2, 

resulting in a reduced EPR signal (Figure 6a). A control experiment without the catalyst showed no significant 

change in the EPR signal after ball milling. Subsequently, we used 1,3-dechlorobutane as a small molecule 

analogue of PVC to verify the carbon radical intermediate. When TEMPO was introduced into the reaction 

system of 1,3-dechlorobutane and TiO2, the TEMPO-trapped product was detected by GC-MS (Figure S17). 

These findings indicate that TiO2 plays a crucial role in the generation of free radical intermediates through a 

tribo-catalytic mechanism. Next, we utilized 1,3-dechlorobutane as the Cl source together with TiO2 for 

mechanochemical chlorination of benzyl alcohol. Following a 4 h ball milling reaction, benzyl chloride was 

obtained in a good yield of 83%.  

Finally, density functional theory (DFT) was employed to evaluate the dissociation energy of the C-Cl bond 

under tribo-catalysis condition. Figures 6b show the tendency of the C-Cl bond breakage of 1,3,5-

trichlorohexane compound, serving as a model molecule for PVC. The bond length of the C-Cl bond in PVC-

like compound increased from 1.827 Å to 4.188 Å, suggesting its tendency for the formation of alkyl radicals. 

Based on the aforementioned results, a plausible SET mechanism of tribo-catalysis was proposed (Scheme 1). 

First, PVC undergoes dechlorination via a TiO2 mediated SET pathway, resulting in the formation of carbon 

radical intermediate. Subsequently, the β-hydrogen atom from the carbon radical is eliminated, leading to the 

formation of C=C bond and HCl. Concurrently, benzyl alcohol reacts with HCl to yield benzyl chloride. 
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Figure 5. (a) Detection of TEMPO by EPR spectroscopy for various conditions. (b) The tendency of the C-Cl 

bond breakage of 1,3,5-trichlorohexane compound by DFT calculation. 

 

 

 
Scheme 1. Possible mechanism of dehydrochlorination of PVC and chlorination of benzyl alcohol 

 

In summary, we have developed an environment-friendly and sustainable method for the efficient 

halogenation of alcohols using waste PVC and tribo-catalyst. This approach enables the production of benzyl 

chloride with a high yield of 95% under solvent-free conditions. This method could be used for various 

aliphatic and benzylic alcohols. Cl can be completely removed after recycling and reusing of PVC. The NMR 

and FTIR analysis confirmed the dehydrochlorination of PVC, which contains olefin, carbonyl and aromatic 

structures. We demonstrated that the mechanochemical approach remains effective in real plastics, achieving 

an 89% yield of benzyl chloride. The scale-up experiments conducted using planetary ball milling yielded 2-

(chloromethyl)naphthalene with an isolated yield of 57% on a 2g scale. Furthermore, experimental results 

together with DFT calculations verified that the dehydrochlorination of PVC involves SET mechanisms in this 

https://doi.org/10.26434/chemrxiv-2024-sbh10 ORCID: https://orcid.org/0000-0003-3226-3908 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-sbh10
https://orcid.org/0000-0003-3226-3908
https://creativecommons.org/licenses/by-nc-nd/4.0/


study. These findings highlight the potential of mechanochemical treatment of waste PVC for sustainable 

chemical transformations. 
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