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by Raney Ni (R-Ni) and Pd/C under an open system have been studied, in which nascent
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H2 (Nas-H2 ) generated in situ from the cathode acted as a hydrogen source. Experimental

Available online 2 March 2021

results showed that TCE was completely eliminate from the solution through the synergistic effects of hydrodechlorination and air flotation due to the formation of continuous
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micro/nano-sized Nas-H2 bubbles from the cathode. Furthermore, the effects of inorganic
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anions and organic solvents on R-Ni and Pd/C hydrogenation activity were investigated,

Hydrogenation

respectively. The results showed that NO3 − and acetonitrile can form a competitive reac-

Air flotation

tion with TCE; Sulfur with lone-pair electrons will cause irreversible poisoning to these two

Trichloroethylene

catalysts, and have a stronger inhibitory effect on Pd/C. This work helps to realize the sep-
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aration of volatile halogenated compounds from water environment and provides certain
data support for the choice of catalyst in the actual liquid-phase hydrogenation system.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Trichloroethylene (TCE) is an excellent solvent, and often used
in metal degreasing and metal parts cleaning, dry cleaning
clothes, extraction of plant and mineral oil, organic synthesis (Bacik et al., 2012; Gu et al., 2018). TCE can accumulate
in organisms through inhalation, ingestion and skin absorp-
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tion, and has an anesthetic effect on the central nervous system (Han and Yan, 2016; Zhou et al., 2016). Moreover, TCE
can also cause liver, kidney, heart, and trigeminal nerve damage (Jiang et al., 2016). Therefore, the improperly treatment
or leakage of waste liquid generated after the use of TCE
will pose a huge threat to the ecosystem and human health
(Kumar et al., 2017; Yan et al., 2016).
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Various methods toward the removal of TCE from aqueousphase medium have been pursued, mainly including adsorption (Kunz et al., 2010; Siggins et al., 2020), air flotation (He et al., 2004; Tammaro et al., 2014), biodegradation
(Lyu et al., 2018; Shukla et al., 2009), advanced oxidation
(Hyldegaard et al., 2020; Wu et al., 2015; Yang et al., 2020) and
hydrodechlorination (He et al., 2018; Wei et al., 2014). Aqueousphase hydrodechlorination of TCE has attracted much attention in recent years due to its excellent performance in reducing TCE stability and removal timeliness (Celik et al., 2018;
Śrebowata
˛
et al., 2016). Notably, the current hydrogenation reactions were usually carried out in a closed pressurized environment to improve the hydrogenation efficiency owning
to the extremely low solubility and short residence time of
H2 in water (Celik et al., 2019; Kamińska et al., 2019). Therefore, realizing the high-efficiency hydrodechlorination of TCE
in an open system becomes the crux to solve the equipment
requirements, energy consumption and safety issues in the
existing processes.
Catalysts and hydrogen sources are the core of the catalytic hydrogenation system. However, the current research
hotspots mainly focused on preparing higher active catalysts
by modification (Liu and Ren, 2016; Zhang et al., 2016), but the
investigation of hydrogen donors was rarely reported. The hydrogen evolution reaction on cathode can generate in situ a
large amount of nascent H2 (Nas-H2 ) bubbles. Compared with
conventional hydrogen source (hydrogen bottle), refined NasH2 bubbles have longer residence time in water, higher specific surface area and surface energy, and are easy to generate
active species (Thi Phan et al., 2020; Wang et al., 2021). Moreover, the continuous micro/nano Nas-H2 bubbles produced by
water electrolysis may cause the air flotation of TCE and its
reduction products, and ultimately achieve the complete removal of total organic carbon (TOC) from liquid phase. Particularly, the alkaline environment formed by the hydrogen evolution reaction can avoid the adverse effect of HCl by-products
on the catalyst (Jin et al., 2011; Ma et al., 2020).
Notably, TCE wastewater usually contains various organic
solvents and inorganic ions (Siggins et al., 2020). As reported,
the physical and chemical properties of the solvent will affect the reaction balance and reaction speed (Giorgianni et al.,
2018; Ren et al., 2014). Thus, for these complex actual water bodies, whether the application value of the existing catalytic hydrogenation system can be realized needs special researches. Particularly, one of the problems of catalytic hydrogenation systems is that sulfur-containing species present in
contaminated water have a detrimental effect on the catalyst
activity because of strong interactions of sulfur species with
active metal sites (Celik et al., 2019; Kuzmenko et al., 2019).
However, it is unclear whether different sulfur-containing
substances have the same interference mechanism and intensity.
To address these important research gaps, the commercial
R-Ni and Pd/C were selected as representatives of transition
metal and noble metal catalysts to study the hydrodechlorination performance of open system (Nas-H2 environment) for
TCE. By controlling the catalyst addition, Nas-H2 supply, TCE
initial concentration and catalyst recovery, the activity and application potential of R-Ni and Pd/C systems under nascent H2
environment were evaluated. Having done that, the air flota-
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tion effect of Nas-H2 on TCE and its reduction products was illustrated through recording the concentration changes of TOC
and Cl− in the reaction solution. Moreover, TCE reaction solutions containing inorganic anions (PO4 3− , CO3 2− , S2 O3 2− , S2− ,
NO3 − , SCN− ) and organic solvents (N, N-Dimethyl formamide,
acetonitrile, dimethyl sulfoxide, ethyl acetate, acetone and
tetrahydrofuran) were explored. In particular, the poisoning
mechanism of sulfur-containing species on the catalytic was
mainly concerned.

1.

Materials and methods

1.1.

Chemicals

The reagents purchased in the experiments were used directly without further processing, where AR stands for analytical reagent; GC stands for gas chromatography purity; HPLC
stands for high pressure liquid chromatography purity; ACS
stands for American Chemical Society purity. Raney Ni catalyst (90 wt.% Ni) stored in water was obtained from Shanghai Shaoyuan reagent Co., Ltd (Shanghai, China). Pd/C catalyst (5 wt.% Pd), trichloroethylene (GC, 99.9 vol.%), dimethyl
sulfide (GC, > 99.7 vol.%), sodium sulfate anhydrous (AR,
99.0 wt.%), sodium hydroxide (AR, 95.0 wt.%), tert-butanol (GC,
> 99.5 vol.%), sodium thiocyanate (GR, 99.0 wt.%), potassium
phosphate dibasic anhydrous (AR, 98.0 wt.%), tetrahydrofuran (AR, 99.0 vol.%), N,N-dimethylformamide (AR, 99.5 vol.%),
ethyl acetate (GR, ≥ 99.5 vol.%) and acetonitrile (AR, 99.0 vol.%)
were purchased from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Dimethyl sulfoxide (GC, > 99.8 vol.%) and
sodium thiosulfate pentahydrate (ACS, 99.5 wt.%) were purchased from Aladdin industrial corporation (Shanghai, China).
Sodium carbonate anhydrous (AR, ≥ 99.8 wt.%) and sodium
nitrate (AR, 99 wt.%) were provided by Shandong XIYA chemical Co., Ltd (Shandong, China). Acetone (AR, 99 vol.%) was
purchased from Xilong Chemical Co., Ltd (Guangdong, China).
HPLC-grade methanol (Scc Bayer, Germany) was used as a mobile phase.

1.2.

Catalyst characterization

Before characterization, the catalysts were passivated in air
at room temperature because of the extremely high surface
energy of these two catalysts.
The morphology of R-Ni and Pd/C catalysts were observed by field emission scanning electron microscope (FESEM; Sigma 500, Zeiss, Germany). The applied electronic energy was 5.00 kV, and the working distance (WD) was fixed at
8.5 mm.
The specific surface area measurement was conducted
on Brunauer-Emmett-Teller (BET; ASAP 2460, Micromeritics,
USA) instrument by determining the nitrogen adsorptiondesorption isotherms at 77 K.
The energy spectra of Ni 2p and Pd 3d were detected by Xray photoelectron spectroscopy (XPS; K-Alpha, Thermo Fisher
Scientific, USA). The crystal phases of R-Ni and Pd/C catalysts
were identified by X-ray powder diffraction (XRD; D8 Advance,
Bruker, USA).
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Catalytic hydrogenation experiments

The batch experiments were carried out in a separated chamber reactor (Fig. S1) with a pure Ti (titanium) plate as the working electrode. A direct-current (DC) power supply provided
electric current, and magnetic stirring to ensure uniform mass
transfer of the reaction solution. The 0.5 mmol/L TCE reaction solution was prepared with deionized water containing
10 mmol/L sodium hydroxide and 20 mmol/L sodium sulfate
electrolyte. TCE reaction solution (90 mL) was added to the
cathode compartment, and the anode compartment was an
equal amount of 20 mmol/L sodium sulfate electrolyte.
The influences of current value (0.00–0.10 A) and catalyst
dosage (0.00–1.50 g/L of R-Ni; 0.00–0.15 g/L of Pd/C) on TCE hydrodechlorination were studied to optimize the reaction conditions. Then the removal mechanism of TCE was revealed
based on literature reports and experimental data. Under the
selected conditions, the effects of TCE initial concentration
(0.25–1.5 mmol/L) and catalyst repeatability were explored.
In addition, the effects of inorganic anions (2.0 mmol/L) and
organic solvents (1/90–9/90 V/V) addition on the activities of
these two catalysts were discussed. At a given time interval, 1.5 mL sample through 0.22 μm poly tetra fluoroethylene
(PTFE) filter was taken. The samples were tested within 24 hr.

1.4.

Assessment of TCE hydrogenation

The concentrations of Cl− (CCl -) were determined with ion
chromatography (ICS-5000+; Thermo Fisher Scientific, USA)
equipped with AG11-HC guard column (4 mm × 50 mm,
Dionex IonPacTM , USA), AS11-HC analytical column
(4 mm × 250 mm, Dionex IonPacTM , USA), electrolytically
regenerated suppressor (Dionex ASRS 300, 4 mm, Thermo Scientific, China) and conductivity detector. Sodium hydroxide
solution (30 mmol/L) was used as the mobile phase, and the
flow rate was 1.2 mL/min.
TOC was identified by total organic carbon analyzer (TOC;
Vario TOC, Elementar, Germany) equipped with thermal conductivity detector. The furnace temperature was 680°C, heating rate was 60°C/min.
The dissolution of R-Ni and Pd/C catalysts were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS;
ICAP RQ, Thermo Fisher, China), and Ni, Al and Pd elements
were detected.

1.5.
Calculation of dechlorination ratio and
instantaneous current efficiency
Dechlorination ratio (RCl ) was calculated as Eq. (1):


RCl = CCl− /(C0 × η) × 100%

VH2 =

I × t
1
× × 22.4 × 1000
F
2

(3)

when I = 0.06 A, the VH2 was calculated as 0.42 mL/min.

2.

Results and discussion

2.1.

Characterization of R-Ni and Pd/C catalysts

The characterization results of R-Ni and Pd/C catalysts are
shown in Fig. 1. R-Ni exhibits a loose and porous sponge structure, this is consistent with reported literature (Ma et al., 2015).
Specifically, R-Ni catalyst has a rough surface and an irregular particle shape (Fig. 1a). As a comparison, nano-Pd particles
were uniformly distributed on the surface of the carbon matrix, and no agglomeration of Pd particles was found (Fig. 1b).
As shown in the N2 adsorption-desorption isotherms of R-Ni
and Pd/C (Fig. 1c-d), R-Ni catalyst exhibits multi-layer adsorption with slit-like pores, while Pd/C follows the single-layer
adsorption model of cylindrical pores.
The key elements and their valence states in these two catalysts were detected by XPS. In XPS full survey (Fig. 1e-f), the
elements of Ni, O, Pd and C were found. The obvious characteristic peak of O suggests that these two hydrogenation
catalysts are easily passivated by air. Furthermore, the 2p energy spectra of Ni (Fig. 1e) and 3d energy spectra of Pd (Fig. 1f)
were obtained under high resolution scanning to reveal their
valence distribution. The energy spectrum peaks of Ni and
Pd elements were assigned through fitting. The lower binding energy peaks located at 852.4 and 869.9 eV were assigned
to elemental Ni0 (Yang et al., 2019), and the binding energy
peaks at 855.7, 873.4, 861.4 and 879.8 eV were allocated to Ni2+
(Sakamoto et al., 2020). Correspondingly, 336.1 and 341.8 eV
were assigned to Pd0 , and the binding energy peaks at 337.2
and 342.5 eV were attributed to Pd2+ (Lu et al., 2017). In short,
for R-Ni and Pd/C catalysts that were passivated in the air atmosphere, the proportion of metal oxides cannot be ignored.
As reported, the active components of R-Ni and Pd/C catalysts
are Ni0 and Pd0 (Zhang et al., 2017). Therefore, avoiding contact
between catalysts and oxygen is an effective way to maintain
catalysts activity.
The corresponding parameters of R-Ni and Pd/C catalysts
are recorded in Table 1. R-Ni has a lower price than Pd/C,

(1)

where CCl - (mmol/L) is the concentration of Cl− detected in
the reaction solution, C0 (mmol/L) is the initial concentration
of TCE, and η (= 3) is the number of chlorine atoms in a TCE
molecule.
Instantaneous current efficiency (ICE) assesses the percentage of the amount of current necessary for the hydrogenation reaction over the actual current applied as shown
in Eq. (2).
C − × F × V
× 10−3
ICE (%) = Cl
I × t

where V (= 0.09 L) is the electrolyte volume, F is the Faraday
constant 96,485.33 C/mol, t (sec) is the reaction time, I (A) is
the applied current.
The theoretical Nas-H2 production rate VH2 (mL/min) was
estimated as follows:

(2)

Table 1 – Comparison of R-Ni and Pd/C catalyst parameters.
Price (CNY/g) Magnetism Hazard BET (m2 /g) Activity
R-Ni
˜0.5
Pd/C (5%) ˜50


×


×

8.6
1144.7

Low
High

 and × mean having the characteristic and not having the characteristic, respectively.
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Fig. 1 – FESEM (Field emission scanning electron microscope) of (a) R-Ni and (b) Pd/C catalysts; N2 adsorption-desorption
isotherms of (c) R-Ni and (d) Pd/C; XPS (X-ray photoelectron spectroscopy) of (e) R-Ni and (f) Pd/C catalysts. Insets are the
field emission scanning electron microscope images of (a) R-Ni and (b) Pd/C catalysts with a scale of 10 μm. STP: standard
temperature and pressure; BET: Brunauer-Emmett-Teller.

meanwhile, R-Ni is magnetic to facilitate recycling. However,
Ni is a typical heavy metal and has a potential risk of catalyst
dissolution. The BET characterization found that the specific
surface area of R-Ni is only 8.6 m2 /g, much lower than that of
Pd/C (1144.7 m2 /g), which may constitute part of the reason
for its relatively low catalytic activity.

2.2.

TCE hydrodechlorination

Effects of current value on hydrogenation activity of R-Ni and
Pd/C are shown in Fig. 2a-b (the dosage of R-Ni and Pd/C were
0.50 and 0.05 g/L, respectively). At 0.00 A, 0.31 mmol/L Cl−
concentration was detected in R-Ni system, but no Cl− was
detected in Pd/C system. It is explained that R-Ni itself absorbed a certain amount of H2 during the preparation process, so it exhibits hydrogenation activity without the supply of hydrogen source (Wang et al., 2020). Cl− concentration
in the solution increased from 0.66 to 1.00 mmol/L (R-Ni system), 0.70 to 0.89 mmol/L (Pd/C system) as the increasing current value from 0.02 to 0.04 A. These results are attributed to
more available Nas-H2 produced in the solution as the increasing current value, which is conducive to be activated by catalysts to produce more active hydrogen species. The supply of
Nas-H2 (˜0.42 mL/min) saturated R-Ni dosage when the current value reached 0.06 A. After that, the Cl− concentration in
the solution stabilized at 1.05 mmol/L as the increasing current value. In Pd/C system, the concentrations of Cl− in the
solution were 1.04, 1.13 and 1.21 mmol/L, respectively, when
the current value were 0.06, 0.08 and 0.10 A. The results implied that Pd/C has higher hydrogenation activity than R-Ni,
and its saturation current value is not less than 0.10 A. In addition, it is observed that Pd/C hydrodechlorination includes
three stages: transition period, growth period and stable pe-

riod, and the length of the transition period is inversely proportional to the current value. The above results indicate that
Pd/C catalyst can only exert its catalytic activity better when
providing adequate Nas-H2 . Notably, when the current value
reached 0.06 A, both systems can reach reaction equilibrium
at 45 min. However, the Cl− concentrations were 1.05 mmol/L
(R-Ni) and 1.04 mmol/L (Pd/C), both were lower than the theoretical value (1.50 mmol/L), indicating only about two-thirds
of the chlorine atoms were removed by hydrodechlorination
at 0.06 A. R-Ni and Pd/C have similar hydrogenation activities
at 0.06 A, to facilitate the comparison, 0.06 A was chosen to
perform the following experiments.
At 0.06 A, the change curves of hydrodechlorination versus
catalyst dosage are shown in Fig. 2c-d. The hydrodechlorination of TCE cannot achieve without catalyst addition, which
eliminates the interference of direct dechlorination via Ti
cathode. For R-Ni system, 0.68 mmol/L Cl− was detected in
the solution with the addition of 0.20 g/L catalyst. When catalyst dosage was 1.00 and 1.50 g/L, the reaction reached equilibrium at 20 min, and the Cl− concentration in the solution was
1.16 mmol/L at this time. In Pd/C system (Fig. 2d), Pd/C catalyst
was in a transition period within the first 5 min, and then, the
hydrodechlorination was obvious. In addition, when Pd/C addition was greater than 0.05 g/L, the TCE hydrodechlorination
curves almost coincide, and the Cl− equilibrium concentration in the solution changed slightly (1.04–1.06 mmol/L). This
is interpreted as when the Pd/C addition amount was 0.10 g/L,
Nas-H2 production becomes the only limiting factor for catalyst activity, thus continued addition of Pd/C catalyst will not
increase the active hydrogen production. Similarly, the maximum equilibrium concentration of Cl− in the two hydrogenation systems is also lower than the theoretical value, implying
that TCE and its reduction products were not completely hy-
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Fig. 2 – Effects of current value on (a) R-Ni and (b) Pd/C hydrodechlorination TCE (trichlorethylene); Effects of catalyst dosage
on (c) R-Ni and (d) Pd/C hydrodechlorination TCE.

drodechlorinated. The reaction equilibrium time (t) of TCE is
45 min under the selected reaction conditions (I = 0.06 A, C(RNi) = 0.5 g/L or C(Pd/C) = 0.05 g/L), and the ICE was calculated
as 5.57%.
In short, effective TCE hydrodechlorination can only be
achieved under the combined action of catalyst and Nas-H2 .
Compared with R-Ni, Pd/C exhibited higher hydrogenation activity. Pd/C had an adjustable transition period to reach the
maximum hydrogenation activity, while R-Ni no transition period due to its own hydrogen absorption. For R-Ni system, increasing the amount of catalyst was easier to shorten the time
for the reaction to reach equilibrium. In comparison, it was
easier to shorten the reaction equilibrium time by increasing
the supply of Nas-H2 in Pd/C system due to its higher hydrogenation activity. In addition, regardless of increasing the current value or adding the amount of catalyst, the concentration
of Cl− detected at the reaction equilibrium was always lower
than its theoretical value.

2.3.
Discussion on the path and mechanism of TCE
removal
For the insufficient Cl− concentration in the solution, the following experiments were performed. At a given time point, a
sample of 10 mL was taken to determine the TOC content in
the solution at the above reaction conditions (I = 0.06 A, C(RNi) = 0.50 g/L or C(Pd/C) = 0.05 g/L). The test results are shown
in Fig. 3a. In these two hydrogenation systems, the content of
TOC in the solution gradually decreased with the extension of
the reaction time. The solution contained only a small amount
(0.20 ± 0.10 mg/L) TOC at 60 min. The above results indicated
that TCE and its reduction products discharged from the reaction solution during the hydrodechlorination process in RNi or Pd/C systems. As previously reported, TCE can separate

from the solution through aeration stripping due to its high
saturated vapor pressure (He et al., 2004; Heron et al., 1998).
Continuous micro/nano Nas-H2 bubbles were generated on
cathode during the water electrolysis, thus TCE and its reduction products were adsorbed on Nas-H2 and discharged from
the reaction solution.
To verify the stripping effect of Nas-H2 , control experiments of electrolyzing 0.5 mmol/L TCE reaction solution alone
were performed (reaction conditions: C(Pd/C) = 0.00 g/L, C(RNi) = 0.00 g/L, I = 0.06 A). As shown in Fig. 3b, the TOC content in the solution decreases as the increasing electrolysis
time. The TOC in the solution dropped to 6.72 mg/L after 1.0
hr of electrolysis. As previously reported (Crock et al., 2017;
Kumar et al., 2017), the physical parameters of TCE and its possible reduction products are recorded in Table 2. The reduction products of TCE have a higher saturated vapor pressure
and a lower boiling point as the progress of the hydrogenation
reduction reaction, both of which facilitate their discharged
from the reaction liquid by air flotation. Therefore, it can be
inferred that under the Nas-H2 environment, the R-Ni or Pd/C
hydrogenation systems and air flotation work synergistically
to finally achieve the eradication of TOC in the solution.
According to the above experiments, neither the catalysts
nor Nas-H2 alone can achieve the effective hydrodechlorination of TCE, indicating that new active species were produced
in the system under the coexistence of the catalysts and NasH2 . As previous reports (Guo et al., 2017; Wei et al., 2014),
the mechanism of catalytic hydrogenation was that the hydrogen molecules (H2 ) adsorbed on the catalyst are activated
into hydrogen adatoms (Hads ∗ ), and then the Hads ∗ react with
the target compounds to achieve hydrogenation dehalogenation. Thus, a diagram of the removal mechanism of TCE was
obtained (Fig. 3c), and Hads ∗ were considered as the active
species in the hydrogenation process (Śrebowata
˛
et al., 2015).
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Fig. 3 – (a) TOC (Total organic carbon) content changes with time in the R-Ni and Pd/C systems (Reaction conditions: I = 0.06
A, C(R-Ni) = 0.5 g/L or C(Pd/C) = 0.05 g/L, t = 60 min); (b) TOC content changes with time (Reaction conditions: I = 0.06 A,
C(R-Ni) = 0.0 g/L, C(Pd/C) = 0.00 g/L, t = 60 min); (c) Possible mechanism of TCE removal over R-Ni and Pd/C under Nas-H2
(nascent H2 ) environment. I: current; C(R-Ni): R-Ni catalyst dosage; C(Pd/C): Pd/C catalyst dosage; t: reaction time.

Table 2 – Physical and chemical parameters of TCE and its possible reduction products.

Saturated vapor
pressure (kPa)
Boiling point (°C)

Trichloroethylene

1,2-Dichloroethylene

Vinyl chloride

Ethylene

Ethane

13.33 (32°C)

14.7 (10°C)

460.9 (30°C)

4083.40 (0°C)

53.32 (−99.7°C)

87.1

60.2

−13.9

−103.9

−88.6

The micro/nano Nas-H2 bubbles were confirmed by the Tyndall effect, and the results are shown in Fig. 3c.
Furthermore, the influences of the TCE initial concentration and catalyst recovery performance were studied. The results are shown in Figs. S2 and S3. The chlorine atom removal ratios decreased from 70.3% to 43.1% (R-Ni), and 72.6%
to 52.7% (Pd/C), respectively, as TCE initial concentration increased from 0.25 to 1.50 mmol/L. For R-Ni recovery experiments, the hydrogenation activity of the reaction did not
decrease in the first four cycles, but the Cl− concentration
dropped to 0.72 mmol/L in the fifth cycle. As a comparison,
Pd/C was difficult to recover due to its small dosage. Therefore, only continuous experiments were carried out. It was
observed in the five consecutive experiments that Pd/C can
achieve the hydrodechlorination equilibrium of TCE within 1.0
hr.
The above experimental results show that both R-Ni and
Pd/C hydrogenation systems can achieve the eradication of
TCE from liquid phase, the hydrodechlorination and air flotation are the main removal processes. The active species that
realized TCE hydrodechlorination was Hads ∗ . The increased
initial concentration of TCE was detrimental to the removal
ratio of chlorine atoms. In addition, both R-Ni and Pd/C exhibit
good repeatability for the hydrodechlorination of TCE.

2.4.

Effects of inorganic anions on catalyst activity

Herein, the interference of six inorganic anions on the hydrogenation systems of R-Ni (Fig. 4a) and Pd/C (Fig. 4b) were studied. As shown in Fig. 4a-b, PO4 3− and CO3 2− have little effect
on the hydrodechlorination of TCE. NO3 − shows a significant
inhibitory effect in R-Ni system, the concentration of Cl− detected in the solution is only 0.22 mmol/L, while in Pd/C system is 0.69 mmol/L. In addition, S2 O3 2− , S2− and SCN− all have
inhibitory effects on R-Ni and Pd/C, and are more obvious to
Pd/C catalyst.
Regarding the type of catalyst deactivation, repeated experiments of R-Ni and Pd/C recovered from the reaction solution containing Na2 S, Na2 S2 O3 , NaNO3 and NaSCN were performed (Fig. 4c-d). The recovered catalysts were washed with
deionized water, then directly subjected to repeated experiments and recorded as the control group. In the NO3 − control experiments, the concentration of Cl− in the solution restored to 0.96 mmol/L (R-Ni) and 0.99 mmol/L (Pd/C) after
the catalysts were washed, implying that NO3 − did not produce irreversible toxicity to these two catalysts. In fact, previous studies have shown that NO3 − in the hydrogenation
system can form a competitive reaction with the target compound, and ultimately reduce to N2 or NH4 + (Elias et al., 2020;
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Fig. 4 – Influence of inorganic anions (2.0 mmol/L) on TCE hydrodechlorination in (a) R-Ni and (b) Pd/C system; Repeated
experiments of (c) R-Ni and (d) Pd/C recovered from the reaction solution containing Na2 S, Na2 S2 O3 , NaNO3 and NaSCN.
Reaction conditions: I = 0.06 A, C(R-Ni) = 0.5 g/L or C(Pd/C) = 0.05 g/L, t = 60 min.

Wada et al., 2012). The detailed experimental data of NO3 − hydrogenation under R-Ni and Pd/C system are shown in Fig.
S4. In contrast, in Na2 S, Na2 S2 O3 and NaSCN control experiments, the hydrodechlorination efficiency of TCE was further
reduced, indicating that the recovered catalysts had been irreversibly poisoned.
In summary, the reducible anion (NO3 − ) easily competes
with TCE for Hads ∗ , thereby forming an inhibitory effect on
the hydrodechlorination of TCE. According to the experimental results, R-Ni has a higher NO3 − selectivity, thereby TCE reduction was greatly inhibited with the addition of NO3 − . Pd/C
has highly activity and can perform dechlorination and NO3 −
reduction at the same time, thus maintaining a Cl− concentration of 0.69 mmol/L. Na2 S, Na2 S2 O3 and NaSCN can cause
irreversible poisoning to R-Ni and Pd/C, and are more toxic to
Pd/C.

2.5.

Effects of organic solvent on catalyst activity

The effects of N, N-Dimethylformamide (DMF), acetonitrile
(ACN), dimethyl sulfoxide (DMSO), ethyl acetate (EAC), acetone (AC) and tetrahydrofuran (THF) addition on R-Ni and Pd/C
were studied (Fig. 5a-b). The addition of EAC, AC and THF only
caused a slight change in the concentration of Cl− , thus ignoring the influence of these three solvents on the activity of R-Ni
and Pd/C. In term of R-Ni system (Fig. 5a), the concentration
of Cl− detected in the solution decreased with the increasing
volume of DMF and ACN, and ACN own a stronger inhibitory
effect on R-Ni. The addition of DMSO inhibited the hydrogenation activity of R-Ni, the concentration of Cl− in the solution
was reduced to 0.65 ± 0.3 mmol/L, but there was no obvious linear relationship between the inhibition efficiency and
DMSO addition amount. In contrast, Pd/C system (Fig. 5a) hydrodechlorination performance decreased as the increasing
volume of DMF, ACN and DMSO, and DMSO has the strongest

inhibitory effect. The detailed data of TCE dechlorination by
adding different volumes of organic solvents are shown in Fig.
S5.
Subsequently, organic solvents with inhibitory effects on
catalysts were specially studied to reveal their inhibitory
types. The repeated experiments of R-Ni and Pd/C recovered
from the reaction solution containing DMF, ACN and DMSO
are shown in Fig. 5c-d. After washing with deionized water,
the activity of the catalysts recovered from the solution containing DMF and ACN was restored, indicating that these two
solvents did not cause permanent damage to the catalysts.
However, DMF showed a similar inhibitory effect for these two
catalysts, while ACN obviously had a higher inhibitory effect
on R-Ni, implying that their action mechanisms on these two
catalysts were different. According to the experimental data,
it is believed that DMF caused the hydrogenation activity to
decrease by adsorbing on the catalyst surface. Validation experiments showed that ACN can be hydrogenated into ethylamine, this has been reported previously (Tanaka et al., 1982).
ACN hydrogenation reduction will form a competitive reaction for the dechlorination of TCE, which is believed to be
the reason why the hydrogenation activity of these two systems decreased with the increasing addition of ACN. Notably,
it can be found from the control experiments that the addition of DMSO caused irreversible poisoning of these two catalysts. Meanwhile, the reaction solution added with DMSO had
a strong fragrance after the reaction started, and it was detected as dimethyl sulfide.
In short, the inhibitory effect of DMF on the activity of the
catalysts was proportional to its added amount; R-Ni exhibits
a lower hydrogenation activity, so the introduction of ACN
competition reaction significantly reduced its dechlorination
efficiency for TCE; Compared with inorganic sulfur, DMSO
has relatively weak toxicity to R-Ni, but still strong toxicity
to Pd/C.
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Fig. 5 – Influence of organic solvents (1/90, 5/90, 9/90 V/V) on TCE hydrodechlorination in (a) R-Ni and (b) Pd/C system;
Repeated experiments of (c) R-Ni and (d) Pd/C recovered from the reaction solution containing DMF, ACN and DMSO.
Reaction conditions: I = 0.06 A, C(R-Ni) = 0.5 g/L or C(Pd/C) = 0.05 g/L, t = 60 min. DMF: N,N-dimethylformamide; ACN:
acetonitrile; DMSO: dimethyl sulfoxide; EAC: ethyl acetate; AC: acetone; THF: tetrahydrofuran.

Scheme 1 – Electronic formula of sulfur-containing compounds.

2.6.

Analysis of catalyst sulfur poisoning mechanism

Through the above experimental researches, two issues are
still unclear: (1) Whether all sulfur-containing species have irreversible toxicity to R-Ni and Pd/C catalysts; (2) For DMSO and
dimethyl sulfide, which one is the determinant caused the poisoning of R-Ni and Pd/C in the organic solvent experiments. To
solve the above problems, the mechanism of catalyst sulfur
poisoning has been proposed and verified.
Highly active hydrogenation catalysts usually have a relatively high specific surface area and surface energy, which
constitute the basis for coordination with sulfur to cause the
loss of catalyst activity (Lott et al., 2020; Shen et al., 2018). Notably, 20 mmol/L sodium sulfate was used as the electrolyte
in this work, but no failure of TCE hydrodechlorination was
found, indicating that SO4 2− would not cause catalyst poisoning. The electronic formulas of the sulfur-containing compound used in the experiments were presented in Scheme 1.
It is easy to find that except for Na2 SO4 and CH3 SOCH3 , all
other sulfur-containing compounds have lone pairs of electrons. Therefore, it was proposed that sulfur with lone pair of
electrons is the key to the irreversible poisoning of the cata-

lysts. However, it is difficult to understand that the reaction
solution added with DMSO also observed irreversible catalyst
poisoning (Fig. 5). Thus, the following experiments were performed to illustrate the above issues.
The Pd/C that had been immersed in DMSO for 1.0 hr was
washed alternately with methanol and deionized water to remove residual DMSO. Then, the hydrodechlorination experiments of TCE was performed with an addition amount of
0.05 g/L at 0.06 A. The experimental results were compared
with the Pd/C without impregnation treatment. As shown in
Fig. 6a, the hydrogenation activity of Pd/C impregnated with
DMSO has no visible decrease, implying DMSO cannot irreversibly poison the Pd/C catalyst. Furthermore, R-Ni and Pd/C
catalysts impregnated with dimethyl sulfide were recovered,
washed with methanol and deionized water, and then TCE hydrodechlorination was carried out under selected conditions
(I = 0.06 A, C(R-Ni) = 0.5 g/L or C(Pd/C) = 0.05 g/L), the experimental results are shown in Fig. 6b. After treatment with
dimethyl sulfide, the hydrogenation activity of the Pd/C system was almost completely lost, and a Cl− concentration of
0.59 mmol/L was detected in the R-Ni system. The above experiments show that DMSO itself will not cause irreversible
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Fig. 6 – (a) Effect of Pd/C without impregnation treatment and Pd/C immol/Lersed in DMSO for 1.0 hr on TCE
hydrodechlorination; (b) Hydrodechlorination effect of R-Ni and Pd/C immol/Lersed in dimethyl sulfide for 1.0 hr on TCE.

Fig. 7 – XRD (X-ray powder diffraction) characterization patterns of impregnated (a) R-Ni and (b) Pd/C recovered from
solutions containing Na2 S, Na2 S2 O3 , NaSCN, DMF, and DMSO. Immersion time: 1.0 hr.

poisoning to Pd/C catalyst, but its reduction product (dimethyl
sulfide) during the hydrogenation process will cause these two
catalysts to be permanently deactivated.
The catalysts impregnated in the reaction solution added
with Na2 S, Na2 S2 O3 , NaSCN, DMF and DMSO were recovered,
and XRD technology was applied to characterize the recovered catalysts. As shown in Fig. 7a, 44.40°, 52.18° and 77.20°
are the diffraction peaks of Ni single crystals (Mattarozzi et al.,
2020). The peak intensity, peak position and peak shape of RNi changed slightly with the addition of these interfering compounds. It shows that the crystal structure of R-Ni had not
changed significantly, and the decrease in catalytic activity
may be due to the quenching of its active sites. In Fig. 7b, the
clear Pd diffraction peaks (39.78°) can still be observed after
the addition of DMF and DMSO (Liu et al., 2020). However, the
intensity of the Pd diffraction peaks are significantly reduced
with the addition of Na2 S, Na2 S2 O3 and NaSCN, indicating that
the crystal forms of Pd catalysts were destroyed (Dreher et al.,
2013). The change in the crystal form of Pd/C catalyst may be

the cause of the dramatic decrease in its catalytic activity. In
addition, the characterization results help prove that the sulfur element in DMSO will not cause irreversible Pd/C poisoning.
In addition, the dissolution of active metals in the catalysts
was measured by ICP-MS, and the data was recorded in Table
S1. The dissolution of Ni and Pd was not detected in the reaction solution due to the strong alkaline environment formed
by the hydrogen evolution reaction, which eliminated the interference of catalyst dissolution on the reduction activity of
the systems. Moreover, the use of R-Ni catalyst in this work
avoided the secondary pollution caused by the dissolution of
nickel ions.
The above discussion and experimental results show that
only sulfur-containing compounds with lone pair of electrons
on the sulfur element can irreversibly deactivate R-Ni and
Pd/C, and the Pd/C catalyst activity was almost completely
lost. The sulfur element with lone pair of electrons poisoned
the catalysts by quenching the active sites of R-Ni and chang-
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ing the crystal form of Pd/C. This work may add new content
to the research of anti-sulfur catalysts.

3.

Conclusions

This work studied the effects of R-Ni and Pd/C on the hydrodechlorination activity of TCE under Nas-H2 environment.
TCE was eradicated from the liquid phase through hydrogenation dechlorination and air flotation because of the continuous supply of micro/nano Nas-H2 bubbles. By comparison,
Pd/C has higher hydrogenation activity, while R-Ni has better
recyclability and poison-resistant. Through the studies of solvent effect, it was found that the sulfur element with lone pair
of electrons can cause irreversible poisoning to these two catalysts, especially to Pd/C catalyst. This work clarified the removal pathway of TCE in Nas-H2 environment and the mechanism of catalyst sulfur poisoning, and provided experimental
supports for the removal of volatile halogenated compounds
and the practical application of catalytic hydrogenation system.
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