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Removing emerging e-waste pollutant DTFPB by synchronized 
oxidation-adsorption Fenton technology 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synchronized oxidation-adsorption 
(SOA) completely removed e-waste 
pollutant DTFPB. 

• Three possible degradation pathways 
involving eight products were proposed. 

• Hydrophobic interaction might drive 
the adsorption of DTFPB and its 
products. 

• Particle adsorption compensated for 
reduced DTFPB removal caused by 
coexisting ion. 

• Ferric flocs had a higher adsorption 
priority to DTFBP than leachate original 
TOC.  

A R T I C L E  I N F O   

Editor: Dr. Y Deng  

Keywords: 
Liquid crystal monomers 
Fenton oxidation 
In situ adsorption 
Degradation mechanism 
Landfill leachate 

A B S T R A C T   

Liquid crystal monomers (LCMs), an emerging group of organic pollutants related to electronic waste, have been 
frequently detected from various environmental matrices, including landfill leachate. The persistence of LCMs 
requires robust technology for remediation. The objectives of this study were to evaluate the feasibility, per-
formance and mechanism of the remediation of a typical LCM 4-[difluoro(3,4,5-trifluorophenoxy)methyl]− 3,5- 
difluoro-4′-propylbiphenyl (DTFPB) via synchronized oxidation-adsorption (SOA) Fenton technology and verify 
its application in DTFPB-contaminated leachate. The SOA Fenton system could effectively degrade 93.5% of 
DTFPB and 5.6% of its total organic carbon (TOCDTFPB) by hydroxyl radical oxidation (molar ratio of Fe2+ to 
H2O2 of 1/4 and pH 2.5–3.0) following a pseudo-first-order model under 0.378 h− 1. Additionally, synchronized 
adsorption of DTFPB and its degradation intermediates by in situ resultant ferric particles via hydrophobic 
interaction, complexation, and coprecipitation contributed to almost 100% of DTFPB and 33.4% of TOCDTFPB 
removal. Three possible degradation pathways involving eight products were proposed, and hydrophobic in-
teractions might drive the adsorption process. It was first confirmed that the SOA Fenton system exhibited good 
performance in eliminating DTFPB and byproducts from landfill leachate. This study provides new insights into 
the potential of the Fenton process for the treatment of emerging LCMs contamination in wastewater.  
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1. Introduction 

Recently, liquid crystal monomers (LCMs), which are applied in the 
displaying layer of a liquid crystal display (LCD) panel, have drawn 
many environmental concerns (Izhar et al., 2019; Tao et al., 2022). 
There are currently more than 360 kinds of LCMs in the market for sale 
and application (HIS Markit, 2019). Typical LCMs are equipped with 
various types of long central chain structures consisting of 
alkyl-biphenyl, cyclohexyl biphenyl, and/or diphenylacetylene deco-
rated with side chains and functional groups, such as fluorinated and 
cyano substituents (Skelton et al., 2001). These functional groups could 
potentially bring additional persistent, bioaccumulative, and toxic (PBT) 
properties to LCMs substances (An et al., 2008; Su et al., 2019). Among 
hundreds of commercialized LCMs, 4-[difluoro(3,4,5-trifluorophenoxy) 
methyl]− 3,5-difluoro-4′-propylbiphenyl (DTFPB) is one of the most 
widely used LCMs, containing a central chain of alkyl-biphenyl and 
polyfluorinated substituted phenyl groups, which has been detected in a 
variety of environmental samples with relatively high concentrations 
compared to other LCMs or other emerging organic pollutants (Jin et al., 
2022; Zhu et al., 2021). DTFPB, together with 86 other LCMs, have been 
identified as potential PBT chemicals (Su et al., 2019). Zhang et al. 
(2020) discovered that three similar fluorinated LCMs could have high 
long-range transport and bioaccumulation potential. Su et al. (2019) 
also reported that exposure to mixtures of LCMs (including DTFPB) 
extracted from LCD devices significantly impaired the gene expression 
of 5 important pathways, which were frequently observed in the toxic 
effects caused by dioxin-like compounds and halogenated flame re-
tardants. A similar phenomenon was observed in catfish exposed to 
liquid crystal extracts from electronic waste (e-waste) (An et al., 2008). 
These results strongly suggested that DTFPB may be an emerging PBT 
contaminant. 

Since LCMs are not mechanically embedded in LCD panels, they are 
easily released into the environment during assembly, usage, disposal, 
and landfilling. Liang et al. (2021) discovered that DTFPB was present in 
waste television/computer LCD panels produced 10–15 years ago, with 
total concentrations ranging from 70.6 to 302,000 ng/cm2 at 100% 
detection frequency (DF). Zhu et al. (2021) detected DTFPB from dust 
samples collected from e-waste dismantling sites, of which its DF was 
100% with total concentrations ranging from 13.7 to 278,000 ng/g. Su 
et al. (2019) identified 33 target LCMs in the extract from 
LCD-associated smartphones, 17 of which were detected in indoor dust 
synchronously, including DTFPB (25% DF and up to 62.3 ng/g). In a 
follow-up study targeting LCMs in the Yangtze River Delta region, 
DTFPB were identified with DFs of 87%, 57%, and 52% in sediment 
samples collected from rivers around LCD factories, Taihu Lake, and 
e-waste recycling sites, respectively (Su et al., 2021). These results 
suggested that DTFPB, together with other LCMs, could likely be 
released into the environment through the effluents from manufactures 
and/or e-waste disposal/recycling centers. In our previous study, 23 and 
20 LCMs were detected in landfill leachates collected from Hong Kong 
and Shenzhen, respectively (Jin et al., 2022), of which the concentra-
tions of DTFPB were 105 ng/L and 37.2 ng/L and contributed to 9.39% 
and 9.10% of the total LCMs, respectively. Since less than 40% of 
e-waste was recycled, most of it was improperly disposed into landfills 
(Cucchiella et al., 2015). Therefore, landfill leachate could be a signif-
icant source of e-waste pollution, promoting the migration and transport 
of LCMs as contaminants (e.g., DTFPB), into the environment, conse-
quently posing a significant threat to the ecosystem and human health 
(Borthakur and Govind, 2017; Harrad et al., 2020; St-Amand et al., 
2008). 

Currently, common treatments for LCMs include incineration, py-
rolysis, ultrasonic-assisted chemical cleaning, and extraction (Chien and 
Shih, 2006; Li et al., 2009, 2006; Wang et al., 2020). For example, 
Zhuang et al. (2014) developed a hydrothermal technology to decom-
pose one of the LCMs, 4-octoxy-4′-cyanobiphenyl, and 97.6% of this 
LCM was removed under conditions of 275 ◦C and 0.2 mL H2O2. Chen 

et al. (2017) discovered that 89.10 wt% LCMs mixtures were removed 
from waste LCD glass panels under 773 K vacuum pyrolysis. Although 
these methods could achieve good removal rates of LCMs, most of them 
were designed to target the LCMs layer on waste LCD panels, therefore 
restricted by large-scale applications due to high energy consumption, 
low mass transfer efficiency, and generation of secondary wastewater 
(Chien and Shih, 2006; Lee, 2004), not to mention that there is currently 
no research on the degradation of LCMs in contaminated wastewater. All 
of these findings suggest the need for the timely development of pollu-
tion control and degradation technology for typical LCMs contaminants 
such as DTFPB, especially in real landfill leachate. 

As an advanced technology, the Fenton treatment has been widely 
used for the removal of recalcitrant organic pollutants (Chen et al., 
2019; Jeong et al., 2022; Jiang et al., 2020). A typical Fenton treatment 
process includes oxidation, neutralization, coagulation, and precip-
itation/separation (Kang and Hwang, 2000; Wu et al., 2010). Since the 
performance of the Fenton reaction is mainly attributed to nonselective 
oxidative degradation by reactive hydroxyl radicals (HO⋅), the Fenton 
reaction focusing on the removal of organic pollutants through HO⋅ 
oxidation has drawn much attention (Jeong et al., 2022; Sun et al., 
2020) and is therefore referred to as Fenton-oxidation technology (Chen 
et al., 2019; Iskander et al., 2019). However, the unknown organic 
compositions and coexisting inorganic ions in wastewaters possess po-
tential negative effects on the performance of HO⋅, especially for the 
treatment of trace pollutants (Xie et al., 2016; Zhou et al., 2021). 
External additive adsorbents, such as activated carbon, have been pro-
posed to enhance the removal rate of pollutants weakened by coexisting 
interferents (Bello et al., 2020; Meijide et al., 2018). However, the ef-
ficacy of capturing trace pollutants via in situ-generated ferric hydroxo 
complexes may be constantly overlooked (Neyens and Baeyens, 2003). 
Actually, the coagulation of ferric hydroxo complexes generated after 
neutralization could contribute to the removal of chemical oxygen de-
mand (COD) through hydrogen bonds, coordination bonds, and elec-
trostatic attraction, which was used for treating COD in the oilfield and 
colored synthetic wastewaters (Gao et al., 2004; Saldaña-Robles et al., 
2014). Synchronized oxidation-adsorption (SOA) Fenton technology has 
exhibited excellent performance for the removal of solid COD from 
coking wastewater (Sun et al., 2020). The SOA Fenton system couples 
the oxidation performance of HO⋅ via the activation of H2O2 by Fe2+ and 
the simultaneous adsorption performance of generated ferric hydroxo 
complexes through the hydrolysis of Fe3+ in the same reaction. 
Compared with the traditional Fenton system, the major difference be-
tween them is that the Fenton reaction mainly focuses on the removal of 
organic pollutants through HO⋅ oxidation, and numerous efforts have 
been made to improve the oxidation efficiency in terms of promoting 
HO⋅ generation through the redox cycle of Fe3+/Fe2+ and avoiding the 
precipitation of Fe3+. The SOA Fenton system originates from the 
traditional Fenton treatment, and its advantage highlights the syner-
gistic effects of oxidation and adsorption. In addition, SOA directly 
combines oxidation and adsorption processes under the same condi-
tions, eliminates the neutralization step, and simplifies the operation of 
the typical Fenton treatment (Sun et al., 2020). Despite these merits, the 
SOA Fenton technology has not been used to treat refractory organic 
pollutants. To expand the practical application of the SOA Fenton pro-
cess, subsequent adsorption of the remaining trace pollutant DTFPB and 
its byproduct coupling Fenton-oxidation process could address the 
growing problem of LCMs pollution, especially for its potential source 
landfill leachate. 

Inspired by this technology, the objectives of this study include (i) 
optimizing the SOA Fenton system conditions for achieving excellent 
oxidative degradation efficiency of DTFPB and further describing its 
degradation kinetic behavior; (ii) characterizing the amorphous struc-
ture of secondary ferric particles and evaluating the adsorption perfor-
mance of ferric particles on the removal of DTFPB and its byproducts; iii) 
exploring the possible degradation products to propose the removal 
pathway and reaction mechanism of DTFPB in the SOA Fenton system; 
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and (iv) investigating the effects of common coexisting ions on the 
removal of DTFPB and evaluating the performance of the developed SOA 
Fenton technology for removing DTFPB pollutants from real landfill 
leachates. To fill the knowledge gap of the treatment on the removal of 
LCMs in contaminated wastewater, this study explored the feasibility of 
the removal of DTFPB by coupling the oxidation performance of reactive 
species and the adsorption performance of generated ferric hydroxo 
complexes. 

2. Materials and methods 

2.1. Chemicals and leachate samples 

DTFPB (98%) was purchased from Tokyo Chemical Industry (TCI, 
Japan). Information on other reagents is provided in Text S1 of the 
supplementary information (SI). Three real leachate samples (LS-A, LS- 
B, and LS-C) were collected in August and September 2021 from three 
municipal solid waste landfills, and their main water quality parameters 
are listed in Table S1. All the samples were raw samples without any 
treatment. After collection, the samples were immediately transported 
to the laboratory, filtered through 0.45 µm glass cellulose membranes to 
remove the suspended particulate matter, and stored in a refrigerator at 
4 ◦C until further analysis. 

2.2. Degradation experiments 

The SOA Fenton technology for treating DTFPB pollutants in pure 
water at an initial concentration of 1 μM was carried out in 50 mL glass 
conical flasks under constant magnetic stirring at 25 ℃. Acetonitrile 
(ACN) (< 0.1%, v/v) was used as the vehicle solvent. The reaction 
conditions were optimized based on the oxidation removal of DTFPB by 
adjusting a variety of factors, including the solution pH (2.5–7.0, 
adjusted with H2SO4), Fe2+ dosage (0.05 mM ~ 0.25 mM), and H2O2 
concentration (0.15 mM ~ 1.2 mM). The degradation of DTFPB was 
started by adding certain concentrations of Fe2+ and H2O2. All experi-
ments were conducted in triplicate. At sampling time t, 0.5 mL of the 
reaction solution was sampled and mixed with 0.5 mL of ACN to both 
terminate the degradation reaction and elute DTFPB from the particles. 
The mixture was filtered through a 0.22 µm nylon syringe filter before 
instrument analysis to determine the remaining DTFPB in the mixture 
(Ct). The remaining reaction solution was then centrifuged at 17500g for 
5 min, and 0.5 mL of supernatant was mixed with 0.5 mL ACN before 
instrument analysis to determine the remaining DTFPB in the aqueous 
phase (Ct(aqueous)). The remaining DTFPB in the particulate phase 
(adsorbed to the precipitated ferric particles) is defined as Ct(particulate) =

Ct - Ct(aqueous). The original spiked amount of DTFPB is defined as C0. The 
removal rates of DTFPB are calculated by Eq. 1–3. Prior to the SOA 
Fenton treatment of DTFPB pollutants in the leachate matrix, the 
leachate samples were adjusted to pH 3.0 using sulfuric acid, and DTFPB 
was spiked into these samples at a concentration of 1 μM. Other reaction 
conditions were consistent with DTFPB removal in pure water. A parallel 
experiment was conducted to determine the total organic carbon (TOC) 
at the end of the reaction (480 min) in pure water and leachate systems 
to represent the DTFPB mineralization rate and leachate organic sub-
stance removal efficiency, respectively. TOC in the reaction mixtures is 
defined as TOC(total). TOC in the aqueous phase is defined as TOC(aqu-

eous), and the TOC adsorbed to ferric flocs is defined as TOC(particulate) =

TOC(total) – TOC(aqueous). The removal rates of TOC are calculated by 
Eqs. S1–S3. The details of TOC measurement in pure water and leachate 
reaction systems are provided in Text S2 of SI. 

Overall removal (%) =
C0—Ct(aqueous)

C0
× 100% (1)  

Oxidized removal (%) =
C0—Ct

C0
× 100% (2)  

Adsorbed removal (%) =
Ct(particulate)

C0
× 100% =

Ct—Ct(aqueous)

C0
× 100% (3)  

2.3. Analytical methods 

The DTFPB concentration in pure water was determined through 
ultra-performance liquid chromatography (UPLC-PDA/RI-2414, Waters 
H-Class, USA) equipped with a Kinetex® 2.6 µm Polar C18 100 Å LC 
column (150 × 2.1 mm) with UV detection at 267 nm. The flow rate was 
0.3 mL/min, and the injection volume was 20 μL. The mobile phase was 
water and ACN under gradient mode as follows: 90% ACN for 0–1 min, 
increased from 90% ACN to 97.5% ACN for 1–5 min and decreased to 
90% ACN for 5–6 min. The concentration of DTFPB in the leachate was 
analyzed through a gas chromatograph-mass spectrometer (GCMS, 
QP2010 Ultra, Shimadzu, Japan). DTFPB was extracted through the 
liquid–liquid extraction method with dichloromethane (DCM) solvent. 
The quality assurance and quality control (QA/QC) measures for DTFPB 
detection in leachate are provided in Text S3 (Table S2 and S3). The 
degradation products of DTFPB were identified by GC-Orbitrap-MS/MS 
(Trace 1300 GC coupled with Q Exactive™ Orbitrap™ MS/MS, Thermo 
Fisher Scientific, USA) under electron impact (EI) and full-mass scan 
mode, and the detailed analysis parameters are provided in Text S4. 
Titanium sulfate spectrophotometry was used to detect the concentra-
tion of H2O2 at 400 nm (Miralles-Cuevas et al., 2015). The ferric parti-
cles were dried and characterized with an X-ray diffractometer (XRD, 
X′Pert3 Powder, PANalytical, Netherlands), Fourier transform infrared 
spectrometer (FTIR, IRAffinity-1, Shimadzu, Japan), and scanning 
electron microscope (SEM, EVO MA10, Zesis, Germany), and the 
detailed pretreatment is provided in Text S5. The analytical methods 
related to the reaction kinetics and theoretical calculation are shown in 
Text S6 (Eq. S4) and Text S7, respectively. 

3. Results and discussion 

3.1. DTFPB oxidation degradation efficiency 

The solution pH, which is a key factor influencing the degradation 
efficiency of the Fenton-oxidation process, was first optimized in the 
range of 2.5–7.0 for the removal of DTFPB (Fig. 1a). When the solution 
pH was adjusted to 2.5 and 3.0, the degradation rates were similar, 
resulting in 93.7% and 93.5% removal of DTFPB, respectively. However, 
when the solution pH increased to 4.0–7.0, the degradation rates of 
DTFPB decreased significantly because the stability of the catalyst iron 
species was greatly affected by the solution pH. It is well known that the 
conversion of Fe3+ to Fe2+ is the limiting step in the Fenton process (Eqs. 
4–5) (Fenton, 1894; Jin et al., 2021). Fe3+ tended to precipitate from the 
solution to form ferric hydroxo complexes due to its relatively high 
hydrolysis constant value (Eq. 6) and low solubility product constant 
value (Ksp, Eqs. S5–S7) (Neyens and Baeyens, 2003; Speight, 2005; 
Vernon L. Snoeyink, 1980), which eventually resulted in a lower yield of 
HO⋅, lower degradation efficiency of DTFPB, and a yellow cloudy re-
action solution (Text S8, Fig. S1). Although both the reduction of Fe3+ to 
Fe2+ and the precipitation of Fe3+ could generate H+, it seems that the 
yield of H+ was lower than that of OH– (Eqs. 4–5). A similar phenom-
enon was also observed in the removal of p-arsanilic acid under the 
Fenton process (Xie et al., 2016). Based on the obtained results, it could 
be concluded that the removal of DTFPB via the Fenton-oxidation pro-
cess was pH dependent, and pH 2.5–3.0 was preferred for the oxidation 
degradation process. 

Fe3+ + H2O2 → Fe2+ + H+ + HO2k = 0.02M− 1 • s− 1 (4)  

Fe2+ + H2O2 → Fe3+ + HO • + OH− k = 76M− 1 • s− 1 (5)  

[
Fe(H2O)6

]3+→
[
Fe(H2O)5OH

]2+
+H+pKa = 2.2 (6) 
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The influence of H2O2 concentrations (0.15–1.20 mM) on the 
degradation of DTFPB was investigated with a fixed concentration of 
0.15 mM Fe2+ (Fig. 1b). When the concentration of H2O2 increased from 
0.15 mM to 0.60 mM, the degradation rate of DTFPB increased from 
74.7% to 93.5%. However, when the concentration of H2O2 further 
increased from 0.60 mM to 1.20 mM, the degradation rate decreased to 
53.4%, probably due to the quenching of active species HO⋅ by excess 
H2O2 (Jin et al., 2018). Therefore, the optimal molar ratio for 
Fe2+/H2O2 should be fixed at 1/4. In addition, the effect of Fe2+ dosage 

(0–0.50 mM) on the degradation of DTFPB was also investigated under a 
fixed concentration of 0.60 mM H2O2 (Fig. 1c). The results showed that 
a single H2O2 system (no Fe2+) had no oxidation ability to degrade 
DTFPB. With a molar ratio of Fe2+/H2O2 below 1/12 (0.05 mM Fe2+), 
87.9% of DTFPB was degraded at the given time. When the molar ratio 
increased from 1/12–1/4 (0.15 mM Fe2+), the degradation rate of 
DTFPB increased from 87.9% to 93.5%, while a further increase in the 
Fe2+/H2O2 molar ratio from 1/4–1/1.2 (0.5 mM Fe2+) resulted in 
relatively lower degradation rates (down to 38.4%), along with the 
formation of a yellow cloudy suspension. These results indicated that 
excess Fe2+ tended to precipitate to form ferric particles instead of 
playing the role of a catalyst, and its ability to adsorb DTFPB in situ 
should be worth exploring. Overall, the optimization results indicated 
that the combination of 0.15 mM Fe2+ and 0.6 mM H2O2 as SOA Fenton 
reagents exhibited the best performance for the degradation of DTFPB. 

Since the concentration of H2O2 was far greater than that of DTFPB 
with increasing reaction time (Fig. S2), it could be assumed that the 
degradation of DTFPB was conducted under pseudo-first-order condi-
tions (Eq. S4) (Jin et al., 2018). As shown in Fig. 2, the obtained kinetic 
curves were well fitted with a pseudo-first-order reaction model. The 
observed first-order rate constant (kobs) increased from 0.186 h− 1 to 
0.378 h− 1 with increasing H2O2 concentration from 0.15 mM to 
0.60 mM, while kobs decreased to 0.108 h− 1 with a further increase in 
H2O2 concentration up to 1.2 mM (Fig. 2a). A similar tendency was also 
observed for the Fe2+ dosage (Fig. 2b). The changes in kobs with H2O2 
concentration and Fe2+ dosage were both in accordance with the 
degradation efficiency of DTFPB. Compared with other 
Fenton-oxidation systems for other legacy and emerging organic pol-
lutants, the kobs value of DTFPB in the current study was at the same 
order of magnitude. For example, it was reported that the kobs value was 
0.0907 h− 1 for degrading decabromodiphenyl ether (BDE-209) in the 
Fenton process (Wu et al., 2020). The kobs values were 0.28 h− 1 and 
0.17 h− 1 for degrading polychlorinated biphenyl (PCB) in the Fe2+/so-
dium pyrophosphate/H2O2 system (Ma et al., 2018) and PCB-28 in the 
goethite/H2O2 system (Lin et al., 2014), respectively. DTFPB consists of 
multiple benzene rings and fluorine substituents at terminal positions. 
These structures could homogenize the electron distribution of these 
moieties and eventually form a π-conjugated system, similar to the 
structure of polybrominated diphenyl ethers (PBDEs) and PCB (Su et al., 
2021; Yang et al., 2018), consequently undermining their reactivity with 
HO⋅. In addition, the changes in H2O2 concentration were not signifi-
cantly different in the presence or absence of DTFPB (Fig. S2), sug-
gesting that DTFPB might not rapidly consume HO⋅ produced between 
Fe2+ and H2O2. These results indicated that DTFPB could be an emerging 
recalcitrant organic pollutant. 

3.2. Role of ferric particles as in situ adsorbents 

It is worth noting that the degradation rate of DTFPB decreased 
significantly with Fe2+ concentrations over 0.15 mM (Fig. 1c). In addi-
tion, the deactivation threshold of Fe2+ in the current study was much 
lower than those in other Fenton systems, such as Fenton/organoarsenic 
and Fenton/BDE-209 systems (Wu et al., 2020; Xie et al., 2016). To 
check the role of Fe2+, the removal rates of DTFPB through oxidation 
and adsorption during the SOA Fenton process were investigated sepa-
rately. The adsorption removal of DTFPB, which is the difference be-
tween the overall removal of DTFPB and the oxidation removal of 
DTFPB, was negligible when the Fe2+ dosage was between 0.05 mM and 
0.15 mM (Fig. 3a). However, when the Fe2+ dosage increased from 
0.15 mM to 0.5 mM, the adsorption removal rate of DTFPB increased 
from 4.1% to 54.7%, while the oxidation removal rate decreased from 
93.5% to 38.4%, at which the overall removal rate of DTFPB was 
maintained at 93.1%. These results suggested that the overall removal of 
DTFPB under this technology could be attributed to 1) the catalytic 
activity of Fe2+ through generating HO⋅ to oxidize and degrade DTFPB 
and 2) the in situ adsorption effect of resultant ferric hydroxo complexes 

Fig. 1. Oxidation degradation of DTFPB in the SOA Fenton process under 
different conditions: (a) pH; (b) H2O2 and (c) Fe2+. Conditions: [DTFPB]0 
= 1 μM, [Fe2+]0 = 0.15 mM, [H2O2]0 = 0.6 mM, pH0 = 3.0, T = 25℃. 
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to precipitate DTFPB. This removal efficiency of adsorption was 
enhanced with increasing Fe2+ dosage. 

A similar phenomenon was observed for the removal rate of DTFPB 

degradation products (TOCDTFPB, Fig. 3b). The oxidation removal rate of 
TOCDTFPB first increased to 5.6% with increasing Fe2+ dosage until 
0.15 mM and then decreased to 3.2% with a further increase in Fe2+

Fig. 2. kobs under different concentrations of (a) H2O2 (The inset shows the relationship between H2O2 concentration and corresponding kobs), and (b) Fe2+ (The inset 
shows the relationship between Fe2+ concentration and corresponding kobs). Conditions: [DTFPB]0 = 1 μM, [Fe2+]0 = 0.15 mM, [H2O2]0 = 0.6 mM, pH0 
= 3.0, T = 25℃. 

Fig. 3. Removal rate of (a) DTFPB, and (b) TOCDTFPB under the SOA Fenton technology through oxidation and adsorption, respectively. Conditions: [DTFPB]0 
= 1 μM, [H2O2]0 = 0.2 mM ~ 2.0 mM (Fe2+/H2O2 with a molar ratio of 1/4), pH0 = 3.0, T = 25℃. 

Fig. 4. (a) FTIR spectra and (b) XRD patterns of precipitates formed in the SOA Fenton treatment of DTFPB (in situ) and Fe2+/H2O2 (blank), respectively. Conditions: 
[DTFPB]0 = 1 μM, [Fe2+]0 = 0.4 mM, [H2O2]0 = 1.6 mM, pH0 = 3.0, T = 25℃. 
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dosage to 0.5 mM, while the removal rate of TOCDTFPB by adsorption 
continuously increased from 6.2% to 29.4% with increasing Fe2+ dosage 
from 0.05 to 0.5 mM. The overall removal rate of TOCDTFPB increased 
from 8.3% to 33.4% under the same conditions. These results indicated 
that the removal rate of TOCDTFPB under the SOA Fenton treatment relies 
on both oxidation via HO⋅ and in situ adsorption via ferric particles, and 
adsorption removal might play a more important role than oxidation 
removal, particularly under high Fe2+ dosage conditions. 

To demonstrate the adsorption role of ferric particles, the pre-
cipitates formed in situ in the SOA Fenton treatment of the DTFPB pro-
cess were collected and characterized using FTIR and XRD (Fig. 4). The 
intense peak of deformation vibration associated with the aromatic ring 
was observed at 675–730 cm− 1 (Yin et al., 2019). The peaks at 
1000–1075 cm− 1 could be attributed to the stretching vibration of 
alcohol C–OH bonds, and the corresponding in-plane deformation 
appeared at 1400 cm− 1. The peaks in the range of 1200–1300 cm− 1 

could be attributed to the stretching vibration of polyfluorinated C–F. 
Additionally, the peaks at 1420 cm− 1 and 1527 cm− 1 could be attrib-
uted to vibrations related to alkane C–H bonds and carboxylic acid 
–COO-, respectively (Yang et al., 2018), and the peak at 3742 cm− 1 

could be attributed to the O–H and C–H stretching vibrations of car-
boxylic acids (Bharathi et al., 2020). In addition, the intense peaks at 
3000–3600 cm− 1 in the precipitate resulting from the DTFPB/SOA 
Fenton system could be possibly related to phenolic O–H stretching vi-
brations, and co-stretching was also observed in the peak at 1217 cm− 1 

(Fu and Quan, 2006). These results further suggested that both DTFPB 
and its intermediate degradation products were concurrently adsorbed 
by the ferric particles. Additionally, an intense broad feature at 
420 cm− 1 suggested the presence of Fe–O bonds (400–600 cm− 1) 
(Bharathi et al., 2020; Fu and Quan, 2006; Yuan et al., 2008). Since the 
particles were structurally amorphous (Fig. 4b), this adsorption effect 
might be partially due to the coordination of Fe–O–(organic) bonds. In 
addition to complexation, the hydrogen bond between ferric hydroxo 
complexes and hydroxy groups of organic compounds may also facilitate 
the adsorption of DTFPB and its degradation intermediates (Koschinsky 
and Hein, 2003). 

This amorphous structure of ferric particles was further confirmed by 
SEM micrographs (Fig. 5). The mean sizes of particles formed in the SOA 
Fenton treatment of DTFPB and the Fe2+/H2O2 group without DTFPB 
were 140 nm and 170 nm, respectively. In comparison, the particles 
formed in the DTFPB/SOA Fenton system were smaller and more 
dispersed than those in the blank group. The reasons for this phenom-
enon could be as follows: as mentioned in Test S9 (Eqs. S8–S28), the 
ferric hydroxo complexes in blank group included Fe(H2O)6

3+, Fe 
(H2O)5(OH)2+, Fe(H2O)4(OH)2

+, Fe(H2O)3(OH)3(aq), Fe(H2O)2(OH)4
–, 

Fe2(H2O)10(OH)2
4+ and freshly precipitated Fe(OH)3(s), where Fe 

(H2O)6
3+, Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2

+, Fe(H2O)3(OH)3(aq), Fe 
(H2O)2(OH)4

– and Fe2(H2O)10(OH)2
4+ were in aqueous solution, and Fe 

(OH)3(s) was in solid phase (Fig. S3); The dissolved hydrolytic species, 
such as Fe(H2O)5(OH)2+ and Fe(H2O)4(OH)2

+, could further hydrolyze 
and precipitate as Fe(OH)3(s) during the aging process (Speight, 2005; 
Vernon L. Snoeyink, 1980), forming relatively large ferric particles; In 
the SOA Fenton system, the hydrophobic C–F terminals of dissolved 
DTFPB and its degradation products could orientate the molecule to-
ward the ferric hydroxo complexes phase of Fe(H2O)5(OH)2+ and Fe 
(H2O)4(OH)2

+ through hydrophobic interaction, complexation, and 
hydrogen bond (Downer et al., 1999; Du et al., 2014; Petrov et al., 
2006); This might promote the formation of Fe(H2O)5(OH)2+-bonded 
DTFPB flocs, inhibit the growth of these flocs and avoid their invalid 
reunite, resulting in smaller particle size, higher dispersibility, and 
larger surface area (Fig. 5), similar to ferrate resultant nanoparticles 
(Yang et al., 2018). These characteristics could increase the adsorption 
efficacy of ferric particles in removing DTFPB and its intermediate 
degradation products. Together, these results indicated that adsorption 
onto the amorphous ferric hydroxo complexes plays an important role in 
removing DTFPB under the SOA Fenton treatment. 

3.3. DTFPB removal pathway and mechanism 

In total, eight possible degradation products of DTFPB in the SOA 
Fenton process were proposed (i.e., P1 to P8, Table S4) based on the 
results obtained from GC-Orbitrap-MS/MS. Based on these identified 
products, a possible degradation process of DTFPB with three pathways 
was proposed (Fig. 6). In pathway I, P1 was produced via the hydrox-
ylation of DTFPB through HO⋅ electrophilic addition. In pathway II, 
DTFPB first underwent bond cleavage to produce two species of organic 
free radicals, including transient product 9 (TP9) and TP10, and then P2 
and P3 were generated via the hydroxylation of these two organic free 
radicals, respectively. P3 was further coupled with coexisting organic 
benzene radicals and halohydrocarbon free radicals to produce P4. A 
similar pathway (P3 to P4) was also observed in the treatment of liquid 
crystal wastes using a microwave-assisted hydrothermal method (Wang 
et al., 2020). On the other hand, P2 underwent bond cleavage (TP11) 
and hydroxylation to produce P5, which was subsequently defluorinated 
due to attack by the active group ⋅O2

- /HO2⋅ to produce P6 (Wang et al., 
2021). P6 further underwent bond cleavage to produce transient organic 
fluorophenyl radicals, which were further coupled with P6 and then 
underwent halohydrocarbon substitution or addition to produce P7 
(Wang et al., 2021) or self-coupling to produce P8 (Wang et al., 2020). 
For pathway III, DTFPB directly underwent bond cleavage to produce 

Fig. 5. SEM images of precipitate formed in (a) the SOA Fenton treatment of DTFPB (in situ) and (b) Fe2+/H2O2 (blank). Conditions: [DTFPB]0 = 1 μM, [Fe2+]0 
= 0.4 mM, [H2O2]0 = 1.6 mM, pH0 = 3.0, T = 25℃. 
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P5, which then followed the same pathway as in pathway II to generate 
P6 to P8. As the reaction time increased, these degradation products 
were further mineralized to fluoride, CO2, and H2O. 

To support the proposed degradation pathways, frontier electron 
densities of the highest occupied molecular orbital (FED2

HOMO) and the 
lowest unoccupied molecular orbital (FED2

LUMO) on atoms of DTFPB 
were calculated to predict the possible reaction sites of HO⋅ with DTFPB 
(Table S5 and Fig. S4). Based on the calculation theory, the atom with a 
higher 2FED2

HOMO value is more vulnerable to HO⋅ attack via electron 
transfer, consequently generating bond-cleavage products or organic 
free radical products, while the atom with a higher FED2

HOMO + FED2
LUMO 

value is more vulnerable to HO⋅ attack via electrophilic addition, 
resulting in hydroxylated products (Chen et al., 2016; Yan et al., 2021). 
The highest FED2

HOMO + FED2
LUMO value was observed on C(21) of 

DTFPB, suggesting that the bond of C(21)–C(3) could break up with the 
addition of HO⋅ (pathway II). Similarly, the FED2

HOMO + FED2
LUMO value 

of C(26) was the second-highest, facilitating the generation of a hy-
droxylated product of P1 (pathway I). In addition, the high 2FED2

HOMO 
value of C(21) in the molecule DTFPB also favored the generation of P7. 
Additionally, the relatively high 2FED2

HOMO value of C(33) also facili-
tated pathway III to some extent. 

Based on the obtained results, a possible reactive mechanism for 
treating DTFPB pollutants via oxidation and adsorption under the SOA 
Fenton treatment was proposed. For SOA oxidation, HO⋅ was mainly 
generated via Eq. 5 with a concentration of ferrous ions less than 
0.794 mM (Text S10, Eqs S29–S39, Fig. S5). When the concentration of 
ferrous ions was over 0.794 mM, both the species of Fe(H2O)6

2+ and Fe 
(H2O)5(OH)+ (Eqs. S34–S35) acted as catalysts. DTFPB was then 
oxidized by HO⋅ via electrophilic addition or electron transfer to 
generate hydroxylated products, bond cleavage products, and coupling 
products (Eq. 7). Reactive species of ⋅O2

- /HO2⋅ could participate in the 
degradation of DTFPB via Eq. 8 to Eq. 10 due to the chain reactions of 
Fenton (Jin et al., 2020). In the adsorption process, Fe3+ reacted with 
hydroxide ions to form ferric hydroxo complexes (Eq. 6) due to the 
limitation of the conversion rate from Fe3+ to Fe2+ (Eq. 4). The 
continuous hydrolysis of ferric hydroxo complexes via Eq. (11)–Eq. (13) 
promoted their coagulation and flocculation (Neyens and Baeyens, 
2003). The dissolved DTFPB and its degradation products (P) were 

captured by these ferric hydroxo complexes, such as Fe(H2O)5(OH)2+, to 
promote the formation of Fe(H2O)5(OH)2+-bonded DTFPB small flocs 
through hydrophobic interactions, complexation, and hydrogen bonds 
via Eq. (14)–Eq. (17), which inhibited the further growth of flocs and 
allowed them to precipitate rapidly. Additionally, the distribution of 
DTFPB and its degradation products showed that most fluorinated 
compounds were found in the particulate phase rather than in the 
aqueous phase (Table S6), suggesting that the adsorption of SOA tech-
nology for treating DTFPB pollutants was dominated by hydrophobic 
adsorption. 

HO • + DTFPB → products (7)  

HO • + H2O2 → H2O + HO2 (8)  

HO2 • → H+ + • O2
− (9)  

HO2 • / • O2
− + DTFPB → products (10)  

2
[
Fe(H2O)5OH

]2+ ↔
[
Fe2(H2O)8(OH)2

]4+
+ 2H2O (11)  

[
Fe(H2O)8OH

]4+
+H2O ↔

[
Fe2(H2O)7(OH)3

]3+
+H3O+ (12)  

[
Fe2(H2O)5(OH)3

]3+
+
[
Fe(H2O)5OH

]2+ ↔
[
Fe2(H2O)7(OH)4

]5+
+ 2H2O

(13)  

[
Fe(H2O)5OH

]2+
̅̅̅̅̅→

DTFPB
[DTFPB] − hydrophobic group⋯

[
Fe(H2O)5OH

]2+

(14)  

[
Fe(H2O)5OH

]2+
̅̅̅̅̅̅̅→

products
[P] − hydrophobic group⋯

[
Fe(H2O)5OH

]2+

(15)  

[
Fe(H2O)5OH

]2+
̅̅̅̅̅̅̅→

products
[P] − complexation⋯Fe3+(H2O)5OH− (16)  

[
Fe(H2O)5OH

]2+
̅̅̅̅̅̅̅→

products
[P] − hydrogen bond⋯[OH− ]

[
Fe3+(H2O)5

]

(17) 

Fig. 6. Proposed degradation pathway of DTFPB in the SOA Fenton process. Conditions: [DTFPB]0 = 1 μM, [Fe2+]0 = 0.4 mM, [H2O2]0 = 1.6 mM, pH0 
= 3.0, T = 25℃. 
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3.4. Influence of background constituents on the removal of DTFPB 

Cations and anions ubiquitously exist in aqueous environments, 
which may exert negative effects on the oxidation performance of free 
reactive radicals in wastewater treatment systems (Sayed et al., 2017; 
Wang et al., 2017). Therefore, it is essential to evaluate the influence of 
common ions on the performance of the SOA for treating DTFPB pol-
lutants (Fig. S6). When the concentrations of cations K+, Na+, NH4

+, 
Mg2+, and Ca2+ increased from 0 mM to 10.0 mM, the degradation of 
DTFPB seemed unaffected, in which 93.5% of DTFPB was removed, 
suggesting that the coexisting cations did not influence the oxidation 
performance of the SOA technology (Fig. S6a). For coexisting anions, 
NO3

- , Cl-, and SO4
2- (0 mM ~ 10.0 mM) also showed no suppressive ef-

fects (Fig. S6b), which was consistent with other studies showing no 
negative impact of anions on the Fenton reaction (Sayed et al., 2017). 
However, when the concentration of CO3

2- increased from 0 mM to 
10.0 mM, the removal rate of DTFPB decreased from 93.5% to 3.96%. A 
similar suppressive effect was also observed with the addition of H2PO4

- 

in this study, and these negative impacts increased with increasing 
concentrations of CO3

2- and H2PO4
- . These results suggested that both 

CO3
2- and H2PO4

- exerted a negative influence on the oxidation of DTFPB. 
Hence, the influence of both ions on the adsorption removal of DTFPB by 
the SOA was further estimated (Fig. 7). The coupling adsorption of SOA 
technology compensated for the low oxidation efficiency caused by the 
coexisting ions. This simultaneous process of SOA technology was more 
conducive to the removal of DTFPB than the Fenton-oxidation process. 
The synergistic roles of oxidation and adsorption in SOA technology 
resisted the adverse impacts of impurities and ensured the efficient 
treatment of DTFPB pollutants. 

3.5. Performance in treatment of landfill leachates 

The remediation efficiency of DTFPB contamination in leachate by 
the SOA Fenton technology developed in this study was evaluated using 
three real landfill leachate samples collected from local municipal 
landfill sites (LS-A, LS-B, and LS-C). The removal rates of DTFPB via 
oxidation in LS-A, LS-B, and LS-C were 42.9%, 19.4%, and 17.7%, 
respectively (Fig. 8a). It is not unexpected that the removal rates in 
leachate matrices were relatively low compared to that in the pure water 
system (93.5%), which could be due to the competitive degradation of 
coexisting organic compounds (e.g., TOC: 222.4–416.4 mg/L, Table S1) 
or the scavenging of HO⋅ by the interferents (e.g., total dissolved solid: 
13.0–16.6 g/L, Table S1) involved in the leachate matrix (Kato et al., 
2001; Matilainen and Sillanpää, 2010; Xie et al., 2016). To overcome the 
interference from background constituents, the Fe2+ dosage was 

increased with a fixed Fe2+/H2O2 molar ratio of 1/4 to achieve better 
oxidation performance. Only 19.2% and 5.5% of DTFPB were oxidized 
in a pure water system under the conditions of 4.0 mM and 12.0 mM 
Fe2+, respectively, probably due to the rapid precipitation of Fe3+. In 
comparison, the oxidation removal rates of DTFPB were 88.2%, 82.6%, 
and 67.1% in the LS-A, LS-B, and LS-C systems, respectively, under the 
same conditions. For leachate systems, both additive DTFPB and 
leachate matrices, such as original TOC, could compete to consume the 
oxidant H2O2. As shown in Fig. S7, the changes in H2O2 concentrations 
were not significantly different with the presence or absence of DTFPB 
among the three leachate systems. This indicated that the interference 
from leachate matrices could be overcome by appropriately raising the 
dosages of Fe2+ and H2O2. In addition, the FTIR spectra showed that the 
particulate phase of the leachate samples (freeze-dried) after treatment 
presented more oxygen-containing functional groups than the fresh 
samples (Fig. S8). The primordial or in situ generated organic com-
pounds equipped with oxygen-functional groups could potentially in-
crease the pH tolerance of Fe2+ to maintain its catalytic performance via 
the complexation of Fe–O bonds, avoid the precipitation of Fe2+ and 
accelerate the conversion of Fe3+ to Fe2+ (Hou et al., 2017; Qin et al., 
2015), which in turn maintained the oxidized performance of SOA 
technology for treating DTFPB pollutants in real applications. Although 
DTFPB pollutant in the leachate matrix was not completely eliminated 
by the oxidation of SOA, a subsequent adsorption of the remaining 
DTFPB from the leachate achieved its complete removal (2.0 mM Fe2+, 
Fig. S9), avoiding the high dotage of the reagents. These results indi-
cated that the SOA Fenton system still exhibited good performance in 
eliminating DTFPB from real landfill leachate. 

The performance of SOA Fenton technology for treating all organic 
substances in leachate (TOCleachate) is also worth studying. The highest 
oxidation removal rates of TOCleachate from these three leachate samples 
were attained under approximately 4.0 mM ~ 6.0 mM Fe2+ (Fig. 8b). A 
further increase in Fe2+ dosage decreased the oxidation removal rates of 
TOCleachate but increased the adsorption removal rates of TOCleachate. 
With the assistance of ferric flocs, the strengthening role of adsorption 
tended to stabilize under 4.0 mM, 6.0 mM, and 10.0 mM Fe2+ dosages 
for treating LS-A, LS-B, and LS-C leachates, respectively. The consumed 
reagents for treating TOCleachate from these three leachates were more 
than those used for the removal of DTFBP in each reaction system 
(Fig. S9), which suggested that DTFBP reached adsorption saturation on 
the ferric particles faster than TOCleachate in leachates. Obviously, the 
ferric particles had a higher priority for adsorption of DTFBP than other 
organic substitutes in leachates. Proper optimization of SOA reaction 
conditions could ensure effective remediation of DTFBP-contaminated 
leachate. In addition to the role of oxidation, in situ adsorption via 

Fig. 7. Influence of (a) CO3
2- and (b) H2PO4

- ions on treating DTFPB pollutant by the SOA Fenton technology. Conditions: [DTFPB]0 = 1 μM, [Fe2+]0 = 0.15 mM, 
[H2O2]0 = 0.6 mM, pH0 = 3.0, T = 25℃. 
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ferric particles is also a promising green method for the remediation of 
complex wastewater containing recalcitrant organic chemicals such as 
DTFPB. 

Comparisons between this study and other treatment studies on 
LCMs pollutants are discussed and summarized in Table S7. Compared 
with other reported treatment methods, the present study provides the 
first wastewater treatment method for the remediation of LCMs pollu-
tion in contaminated landfill leachate using SOA Fenton technology. 
Previous studies mainly focused on the LCMs layer in waste LCD panels, 
which were only suitable for the pretreatment of waste LCD panels 
before disposal at landfill sites (Izhar et al., 2019). Due to the lack of 
available data, it was difficult to quantitatively compare the cost of 
different treatment processes. Nevertheless, our SOA Fenton process 
shows a few significant advantages compared to those methods reported 
in the literature (Table S7). First, all the other treatment methods 
required conditions with high energy consumption, such as high tem-
perature, vacuum and microwave irradiation (Wang et al., 2020; Chen 
et al., 2017; Lu et al., 2012). Our SOA Fenton process can be operated 
under room temperature and normal pressure without additional energy 
input. Second, compared with the amount of H2O2 used in this SOA 
Fenton system, a much higher dosage of H2O2 was also added to improve 
the performance of hydrothermal treatment (Zhuang et al., 2014). 
Compared to the treatment methods in the literature, our SOA Fenton 
process is not only more energy-efficient but also more environmentally 
friendly with less chemical/reagent demand. Since LCMs, as emerging 
organic pollutants, have been frequently detected in various environ-
mental matrices (Jin et al., 2022; Wang et al., 2022), the SOA Fenton 
process developed in the current study for the remediation of a typical 
LCM (i.e., DTFPB) in real landfill leachate could provide a concrete base 
for future studies allowing full-scale application for leachate treatment. 

4. Conclusions 

This study proved that SOA Fenton technology coupling oxidation 
and in situ adsorption process was a feasible strategy for removing an 
emerging e-waste pollutant, DTFPB, from contaminated wastewater. 
The SOA Fenton technology can effectively degrade DTFPB at 2.5–3.0 
with 0.15 mM Fe2+ and 0.6 mM H2O2. The observed kobs (0.378 h− 1) 
was comparable to that of other recalcitrant organic pollutants, such as 
PBDEs and PCBs, suggesting that DTFPB is an emerging persistent 
organic pollutant. The ferric hydroxo particles formed during the SOA 
process could enhance the removal efficiency of DTFPB and its inter-
mediate degradation products via the adsorption effect, resisting the 
adverse impacts of impurities and compensating for the low oxidation 
efficiency caused by the coexisting ions. The ferric particles formed in 

the DTFPB/SOA Fenton system were smaller and more dispersed than 
those in the Fe2+/H2O2 group without DTFPB. These small flocs 
captured DTFPB and its intermediate degradation products through 
hydrophobic interactions, complexation, and hydrogen bonding, which 
inhibited the further growth of flocs, increased the dispersity, and in 
turn increased the adsorption efficiency of DTFPB and TOCDTFPB. The 
proposed mechanism suggested that eight intermediate degradation 
products, including hydroxylated product (P1), bond-cleavage products 
(P2, P3, P5, and P6), and coupling products (P4, P7, and P8), were 
formed via three possible pathways, which were supported by GC- 
Orbitrap-MS/MS analysis and FEDs theory calculation. During the 
SOA treatment process of DTFBP-contaminated leachate, DTFPB 
reached the maximum adsorption more quickly compared to other 
coexisting organic substituents (indicated by TOC level) in leachate, 
suggesting that the ferric particles had a higher priority for adsorption of 
DTFBP than other organic substituents. Compared with other reported 
treatment methods, the present study provides the first wastewater 
treatment method for the remediation of LCMs pollution in contami-
nated landfill leachate using SOA Fenton technology. These findings are 
valuable for the future remediation of LCMs-contaminated wastewater 
and provide guidance on their practical application potential for elimi-
nating DTFPB from landfill leachate. 

Environmental implication 

Liquid crystal monomers (LCMs) are the key materials in the 
manufacture of liquid crystal display panel and regarded as an emerging 
class of e-waste contaminants recently detected in various environ-
mental matrices, including landfill leachate. The persistence of LCMs 
requires robust technology for remediation. Synchronized oxidation- 
adsorption (SOA) Fenton process was developed to efficiently reme-
diate a typical LCM, 4-[difluoro(3,4,5-trifluorophenoxy)methyl]− 3,5- 
difluoro-4′-propylbiphenyl (DTFPB), and its byproducts from contami-
nated landfill leachate. This study provides new insights into excavating 
the potential of Fenton process for treatment of emerging LCMs con-
taminants in wastewater. 
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