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a b s t r a c t 

Wet purification technology for nonferrous metal smelting flue gas is important for mercury 

removal; however, this technology produces a large amounts of spent scrubbing solution 

that contain mercury. The mercury in these scrubbing solutions pose a great threat to the 

environment. Therefore, this research provides a novel strategy for removing and recycling 

mercury from the scrubbing solution, which is significant for decreasing mercury pollution 

while also allowing for the safe disposal of wastewater and a stable supply of mercury re- 

sources. Some critical parameters for the electrochemical reduction of mercury were stud- 

ied in detail. Additionally, the electrodeposition dynamics and electroreduction mechanism 

for mercury were evaluated. Results suggested that over 92.4% of mercury could be removed 

from the scrubbing solution in the form of a Hg-Cu alloy under optimal conditions within 150 

min and with a current efficiency of approximately 75%. Additionally, mercury electrodepo- 

sition was a quasi-reversible process, and the controlled step was the mass transport of the 

reactant. A pre-conversion step from Hg(Tu) 4 2 + to Hg(Tu) 3 2 + before mercury electroreduction 

was necessary. Then, the formed Hg(Tu) 3 2 + on the cathode surface gained electrons step by 

step. After electrodeposition, the mercury in the spent cathode could be recycled by thermal 

desorption. The results of the electrochemical reduction of mercury and subsequent recy- 

cling provides a practical and easy-to-adopt alternative for recycling mercury resources and 

decreasing mercury contamination. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Mercury pollution has attracted the world’s attention due to 
its global communication, high toxicity and potential for bio- 
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magnification. To date, over 150 countries have agreed to the 
Minamata Convention on Mercury, which is designed to re- 
duce global mercury emissions ( Agarwalla et al., 2020 ). The 
nonferrous metal smelting industry is one of the major an- 
thropogenic sources of mercury release ( Huang et al., 2017; 
Wu et al., 2018 ; Liu et al., 2020 ). Large amounts of mercury- 
containing contaminants are produced during smelting pro- 
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cesses each year, and these contaminants cause great harm 

to the environment ( An et al., 2019 ; Yan et al., 2019 ; Liu et al., 
2017, 2019, 2020 ). Furthermore, the Minamata Convention on 

Mercury requires the elimination of primary mercury mining. 
However, mercury still has a variety of applications in many 
industries, such as chlor-alkali and acetaldehyde production. 
Predictably, mercury-containing secondary resources will be- 
come the main source of mercury and ensure mercury supply 
in the future ( Cunha et al., 2016 ; Seung-KiBack et al., 2019 ). 
Therefore, from the perspective of environmental conserva- 
tion and mercury recycling, it is necessary to reduce mercury 
pollution and recover mercury resources from the nonferrous 
metal smelting industry. 

Nearly all mercury in metallic minerals is transferred to the 
flue gas in the process of roasting or smelting ( Huang et al., 
2017 ; Hu et al., 2020 ). Many techniques, including adsorp- 
tion, catalytic oxidation and wet purification, have been re- 
ported for mercury removal in flue gas ( Zhang et al., 2020 ; 
Yang et al., 2019; Zou et al., 2017 ; Ma et al., 2019 ; Yang et al., 
2019 ; Yang et al., 2019 ; Liu et al., 2020 ; Zhang et al., 2020 ; 
Zhang et al., 2020 ). Among these, wet purification is recog- 
nized as a promising technology and has been widely used 

because it can synergistically remove multiple pollutants with 

a low cost and high efficiency ( Ma et al., 2014 ; Liu et al., 2017 ; 
Liu et al., 2017 ). To promote mercury oxidation and removal 
from smelting flue gas containing a high concentration of SO 2 

( Liu et al., 2017, 2019 ), some additives, such as thiourea (Tu), 
are added to acidic scrubbing solutions due to its strong affin- 
ity with mercury ( Liu et al ., 2017 ). In addition, many metal 
impurities, such as ferric ions and cupric ions, also simulta- 
neously enter the acidic thiourea scrubbing solution during 
wet purification, resulting in the formation of acidic wastew- 
ater with high concentrations of mercury and complex com- 
ponents. Currently, the removal and recovery of mercury from 

a complex scrubbing solution is challenging. 
Most recently, various sorbents, such as metal oxides, 

metal sulfides and active carbon, have been increasingly stud- 
ied for mercury removal from wastewater ( Li et al., 2018 ; 
Tao et al., 2016 ; Liu et al., 2019 ; Huang et al., 2017 ; Li et al., 2018 ; 
Chen et al., 2019 ). However, they are not suitable for mercury 
removal from scrubbing solutions for smelting flue gas. Gener- 
ally, the scrubbing solution is highly acidic and contains a high 

concentration of thiourea. The mercury species in a scrub- 
bing solution is a mercury coordination compound HgTu 4 

2 + 

( Liu et al., 2017 ) . In this case, the removal efficiency of mercury 
using traditional sorbents will be substantially hindered. Elec- 
trodeposition is a selective and efficient technique for remov- 
ing and extracting metal or metallic compounds ( Zhang et al., 
2020 ; Robotin et al., 2013 ; Wang et al., 2018 ; Hu et al., 2019 ; 
Xu et al., 2020 ; Yang et al., 2020 ; Zhang et al., 2020 ). Various 
metal ions can be selectively reduced to the corresponding 
metal or metallic oxide by controlling redox reaction poten- 
tials. Zhang et al. (2020) used an electrodeposition method 

to selectively remove zinc and lead from a simulated smelt- 
ing wastewater. Jin et al. (2018) adopted electrochemical ex- 
traction to recycle dilute copper and tellurium from acidic 
chloride solutions. Consequently, electrodeposition should be 
a scientifically feasible technique for the efficient removal 
and recycling of mercury. Unfortunately, few correlative stud- 
ies have reported the mercury removal and recycling perfor- 

mance from a thiourea scrubbing solution utilized in a wet 
purification process for nonferrous metal smelting flue gas. 

This study aims to develop an efficient process for the 
removal and extraction of mercury from a thiourea scrub- 
bing solution. Some parameters in the electrodeposition pro- 
cess, including the applied potential, current density, elec- 
trolytic time and electrolyte composition, were investigated. 
Additionally, the mercury removal efficiency was systemati- 
cally evaluated to elucidate the optimized conditions for this 
technology. Additionally, the electroreduction mechanism of 
mercury was proposed, leading to an alternative method for 
mercury-containing wastewater remediation and the sustain- 
able utilization of mercury resources. 

1. Experimental section 

1.1. Materials and electrolytic solution preparation 

All reagents, such as thiourea, ferric sulfate, copper sulfate 
and sodium sulfite, were analytically pure (Sinopharm Group 

Co.). Some standard graphite and copper sheets (20 mm wide, 
30 mm long and 1.5 mm thick) were prepared. The obtained 

graphite and copper sheets, which were used as electrodes, 
were successively polished using 400- and 800-grade silicon 

carbide paper to guarantee smooth surfaces. The electrolytic 
solution was prepared by dissolving the required reagents in 

ultrapure water (18 M �•cm). The components in the typical 
electrolytic solution are shown in Appendix A Table S1. 

1.2. Electrodeposition studies 

A schematic diagram of the electrodeposition apparatus is 
shown in Appendix A Fig. S1. All electrodeposition tests, in- 
cluding linear sweep voltammetry, constant voltage electrol- 
ysis and cyclic voltammetry, were conducted with a CHI660 
workstation. A sealed 100 mL three-electrode cell was ap- 
plied with the prepared copper sheet as the working elec- 
trode, graphite as the counter electrode and silver chloride 
as the reference electrode (the purities of the copper and 

graphite sheets were over 99.99%). The inter-electrode dis- 
tance between the working electrode and counter electrode 
was 12 mm. Before every test, the copper sheet electrode 
was immersed in 0.5 mol/L hydrochloric acid for over 2 hr to 
fully dissolve surface oxides. Subsequently, the copper sheet 
was cleaned with deionized water under ultrasonic condi- 
tions. The prepared electrolytic solution was added to the 
electrolytic cell, and the electrode couple (an active area of 
4 cm 

2 ) was connected to the constant-voltage power supply 
of the electrochemical workstation. Then, the electrolytic cell 
was placed in a water bath to control the temperature of the 
electrolytic solution. At this point, electrolysis with a constant 
current was applied to remove mercury. A good air-tight seal 
should be maintained throughout the experiment to avoid 

the volatilization of mercury. During the electrolytic process, a 
small amount of electrolytic solution was taken at regular in- 
tervals to analyse the mercury content. The mercury removal 
efficiency ( R Hg ) can be described by the following Eq. (1) . 

R Hg = 

C 0 − C t 

C 0 
× 100% (1) 
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where C 0 (mg/L) is the initial concentration of mercury in the 
electrolytic solution and C t (mg/L) is the measured concentra- 
tion of mercury in the sample. 

1.3. Metallic mercury recycling 

As shown in Appendix A Fig. S2, thermal desorption and con- 
densation technology were employed to recover metallic mer- 
cury. First, the spent cathode was placed in the middle of a 
tube furnace. Then, high purity nitrogen was used as the car- 
rier gas to take gaseous elemental mercury. The tube furnace 
was heated from room temperature to 350 °C at a heating rate 
of 5 °C/min with a nitrogen volume flow rate of 0.2 L/min. 
The holding time at 350 °C was 120 min to guarantee the com- 
plete desorption of mercury. The gaseous elemental mercury 
was condensed into liquid metal mercury in a U-type tube 
which was placed in a chiller plant. Finally, the liquid metal 
mercury was collected from the bottom of U-type. The ob- 
tained off-gas containing mercury after condensation was ad- 
sorbed by a 2 mol/L potassium permanganate solution and ac- 
tivated carbon, thereby ensuring the safe disposal of mercury- 
containing gas. 

1.4. Analysis and characterization 

The mercury concentration in the electrolytic solution was 
determined by cold-vapor atomic absorption spectrometry 
(CVAAS; S-H-22, Themo Jarrell Ash Corporation, USA). All sam- 
ples were measured three times with a relative standard devi- 
ation of less than 15%, and the arithmetic mean values were 
taken as the final data. Linear sweep voltammetry and cyclic 
voltammetry were carried out in N 2 -purged electrolytic so- 
lution at room temperature. Scanning electron microscopy 
(SEM, Nova Nano230, USA) was used to identify the surface 
morphology of the deposit. The metallic composition on the 
cathode surface was analysed by energy dispersive X-ray spec- 
troscopy (EDS, Oxford X-act, UK). 

2. Results and discussion 

2.1. Determination of the reduction potential for mercury 
removal 

Linear sweep voltammetry investigations were performed to 
determine the electrochemical reduction potential of mercury 
on the copper sheet electrode, and the corresponding results 
are illustrated in Fig. 1 . As shown in Fig. 1 a, two obvious reduc- 
tion peaks appeared at approximately -0.53 and -0.72 V in the 
mixed solution containing H 2 SO 4 , Tu and Hg 2 + , respectively. 
Some hydrogen gas bubbles appeared when the potential was 
lower than -0.72 V, indicating the peak at -0.72 V represented 

the hydrogen evolution reaction. In addition, no cathodic peak 
at -0.53 V was found in the contrast experiment when no Hg 2 + 

was added to the electrolyte. This result implied that the peak 
at -0.53 V was the reduction of mercury. Appendix A Fig. S3 
shows that the reduction potential of Hg 2 + in the absence of 
Tu was approximately -0.34 V. The mercury species in the elec- 
trolyte should be stable Hg(Tu) x 2 + complexes in the presence 
of Tu due to a strong affinity between Hg 2 + and Tu. The forma- 
tion of Hg(Tu) x 2 + resulted in a negative shift of the cathodic 
peak for Hg 2 + reduction. According to the stability constants 

of the different Hg(Tu) x 2 + complexes, the final mercury species 
product was Hg(Tu) 4 2 + when in excess Tu. Hence, the elec- 
trodeposition process of mercury can be expressed by Eq. (2) . 

Hg(Tu) 2+ 
4 +2e = Hg + 4Tu (2) 

Some reducible impurities in the electrolytic solution may 
affect the mercury reduction potential. Fig. 1 b shows the ef- 
fect of H 2 SO 3 on mercury reduction. When the potential was 
lower than -0.6 V, the current density clearly increased in the 
presence of H 2 SO 3 . The same phenomenon also occurred in 

the curve of the mixed solution containing H 2 SO 4 , Tu, H 2 SO 3 

and Hg 2 + . Previous studies ( Quijada et al., 2000 ; Yang et al., 
2017 ) reported that H 2 SO 3 could be reduced to low valence 
compounds, such as S 2 O 3 

2 − and S 4 O 6 
2 −, when the potential 

was lower than -0.6 V, indicating that the reduction of H 2 SO 3 

could occur at low potential. The reduction product of H 2 SO 3 , 
such as S 2 O 3 

2 −, is unstable in an acidic solution and easily 
decomposes into elemental sulfur, which can deposit on the 
electrode and affect the electrolytic process ( Han et al., 2017 ). 
Clearly, the cathode potential should not exceed -0.6 V to avoid 

the effect of H 2 SO 3 reduction. 
It is easy to reduce Fe 3 + to Fe 2 + at a negative potential. 

However, the cathode current density shows no significant in- 
crease in the curve of the mixed solution containing H 2 SO 4 , 
Tu and Fe 3 + in Fig. 1 c. This result was probably because of the 
formation of stable Fe(Tu) x 3 + in the solution with a high con- 
centration of Tu, thus reducing the reduction activities of Fe 3 + 

on the cathode. A weak reduction peak of Fe 3 + appeared at - 
0.62 V in the mixed solution of H 2 SO 4 , Tu, Fe 3 + and Hg 2 + . This 
result also implied that Hg 2 + would be preferentially reduced 

over Fe 3 + in an acidic Tu solution. Therefore, the presence of 
Fe 3 + did not affect mercury electrodeposition if the potential 
is controlled. As shown in Fig. 1 d, three peaks appeared in the 
curve of the mixed solution containing H 2 SO 4 , Tu, Cu 

2 + and 

Hg 2 + . The peaks at approximately -0.28 and -0.69 V were re- 
lated to the Cu(Tu) x 2 + reduction to Cu(Tu) x + and the Cu(Tu) x + 

reduction to Cu, respectively. The peak at -0.48 V was due to 
the combination reaction of Hg 2 + and Cu 

2 + , suggesting the 
possible simultaneous reduction of Hg 2 + and Cu 

2 + . The Cu 

2 + 

in the electrolyte could lead to the obtained potential posi- 
tively shifting to approximately 0.5 V from -0.53 to -0.48 V, 
which would be particularly beneficial for the electrochemi- 
cal deposition of mercury. Although Cu 

2 + was preferentially 
reduced to Cu(Tu) x + over Hg 2 + in an acidic Tu solution, the 
preferential deposition of mercury could still be obtained be- 
cause the reduction potential of mercury from Hg(Tu) 4 2 + to Hg 
was higher than that of copper from Cu(Tu) x + to Cu. Namely, 
copper would not deposit on the cathode when the cathode 
potential was between -0.55 and -0.4 V. In summary, mercury 
could be separated and recycled from an acidic Tu solution by 
electrodeposition, and the optimum reduction potential was 
approximately -0.55 and -0.4 V. 

2.2. Electrodeposition of mercury 

Constant current electrolysis is a common method to ob- 
tain metals by reduction and deposition in industry. In this 
study, the effect of current density on mercury removal effi- 
ciency and current efficiency over time was evaluated with 
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Fig. 1 – Linear sweep voltammetry for mercury reduction from an (a) acidic Tu solution, (b) acidic Tu solution containing 
H 2 SO 3 , (c) acidic Tu solution containing Fe 3 + and acidic Tu solution containing Cu 

2 + . Experimental conditions: scan rate was 
5 mV/sec; solution pH was 0.5; Tu, H 2 SO 3 , Fe 3 + and Cu 

2 + concentrations were 150, 8, 20 and 20 mmol/L, respectively, if 
present in the test. 

Fig. 2 – Effect of the current density on the mercury removal 
efficiency and current efficiency in the electrodeposition 

process. Experimental conditions: temperature = 25 °C; 
stirring rate = 300 r/min; pH = 0.5; Tu, SO 3 

2 −, Fe 3 + and Cu 

2 + 

concentrations were 150, 8, 20 and 20 mmol/L, respectively. 

a cathode voltage between -0.55 and -0.4 V to ensure the 
selective removal of mercury. The results in Fig. 2 indicate 
that the mercury removal efficiency increased linearly over 

time within 120 min. The corresponding current efficiency re- 
mained at approximately 80%. The increase in current den- 
sity from 8 to 10 mA/cm 

2 benefitted mercury removal. Af- 
ter electrolysis for 210 min, the mercury removal efficiency 
could reach over 95%, proving the feasibility of electrodepo- 
sition for mercury removal. When the electrolysis time was 
over 150 min, the current efficiency declined sharply. At the 
later stage of electrolytic deposition, the mercury concentra- 
tion in the electrolyte decreased, and the corresponding cath- 
ode voltage shifted negatively, resulting in the appearance of 
side reactions, such as the reduction of Fe(Tu) x 3 + and copper 
deposits. 

Fig. 3 shows the mercury removal efficiency and current ef- 
ficiency as a function of the Tu, H 2 SO 3 , Fe 3 + and Cu 

2 + concen- 
trations in the electrolyte. As shown in Fig. 3 a, the mercury 
removal efficiency and current efficiency decreased with in- 
creasing Tu concentrations. For example, the mercury removal 
efficiency and current efficiency after 120 min of electrode- 
position were 88.2% and 85.4% in a 50 mmol/L Tu solution, 
respectively. However, they decreased to 72.4% and 73.5% as 
the Tu concentration increased to 150 mmol/L, respectively. 
There were two possible reasons for the decrease in mercury 
removal efficiency and current efficiency. One possible reason 

was that the stability of Hg(Tu) 4 2 + increased with Tu concen- 
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Fig. 3 – Effect of the Tu (a), H 2 SO 3 (b), Fe 3 + (c) and Cu 

2 + (d) concentrations on the mercury removal efficiency and current 
efficiency in the electrodeposition process. Experimental conditions: temperature = 25 °C; current density = 9 mA/cm 

2 ; 
stirring rate = 300 r/min; pH = 0.5; Tu, SO 3 

2 −, Fe 3 + and Cu 

2 + concentrations were 150, 8, 20 and 20 mmol/L, respectively, 
except for when it was a variable. 

tration, which opposed the reduction of mercury on the cath- 
ode. During the electrolysis process, a portion of Tu would 

inevitably oxidize on the anode to form intermediate oxida- 
tion products, such as formamidine disulfide. Previous litera- 
ture ( Han et al., 2017 ) reported that the intermediate oxidation 

product of Tu could be reduced to Tu. Therefore, another rea- 
son might be the side reaction of Tu oxidation and reduction, 
which would result in the decreases in mercury removal effi- 
ciency and current efficiency. 

As presented in Fig. 3 b, the presence of H 2 SO 3 bene- 
fited mercury removal. With the increase in H 2 SO 3 from 6 
to 10 mmol/L, the mercury removal efficiency and current 
efficiency slightly increased. According to a previous report 
( Liu et al., 2017 ), the existence of H 2 SO 3 could inhibit the oxi- 
dation of Tu in solution. Thus, the decrease in the intermedi- 
ate oxidation product of Tu might lead to an enhanced mer- 
cury removal performance. The electrochemical performance 
did not change with the Fe 3 + concentration (see Fig. 3 c), in- 
dicating that the presence of Fe 3 + had little effect on mer- 
cury removal. In contrast, Cu 

2 + had a different role on mer- 
cury removal efficiency at different electrolysis time (see Ap- 
pendix A Fig. S5). At the initial stage of electrodeposition, the 
increase in Cu 

2 + concentration hindered mercury removal be- 
cause of the interference of Cu 

2 + reduction. However, the pres- 

ence of Cu 

2 + could accelerate the mercury removal efficiency 
and current efficiency at the late stage of electrodeposition. 
Appendix A Fig. S4 shows that the cathode potential increases 
to over -0.6 V at the late stage of electrodeposition, in which 

the co-deposition of metallic copper and mercury may appear. 
The co-deposition of mercury and copper on the cathode de- 
creased the mercury electrodeposition potential, which bene- 
fitted mercury removal and resulted in an increase in mercury 
removal performance at high Cu 

2 + concentrations. 
The reaction temperature and pH are important param- 

eters for the electrolytic deposition of mercury. The effects 
of reaction temperature and pH on mercury removal perfor- 
mance are presented in Appendix A Figs. S6 and Fig. S7, re- 
spectively. The results suggested that the mercury removal 
performances had little change in the reaction temperature 
range of 10 to 40 °C. Further increasing reaction temperature 
from 40 to 70 °C, the mercury removal efficiency increased, 
while the current efficiency decreased. The copper reduction 

and deposition rate increased with temperature, resulting in 

the formation of Hg-Cu alloy and promoting the mercury elec- 
trodeposition. However, the increase of mercury removal per- 
formance is limited, only from 92.5% to 94.3%. Therefore, the 
rise of temperature will not significantly improve the mercury 
removal performance. Appendix A Fig. S7 indicated that the 
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Fig. 4 – SEM images of the mercury deposition at the copper electrode with electrolysis time of 0 (a), 20 (b and c), 40 (d and e) 
and 240 min (f and g). EDS results (h and i) of the electrodeposited product in the marked square. 

mercury removal performance was almost invariant in the pH 

range of 0 to 1.5, while decreased with further increasing pH 

value to 3. The formation of Fe(OH) 3 colloid and the occurrence 
of side reactions of Tu oxidation and reduction could be the 
reason for the reduction of mercury removal efficiency. Addi- 
tionally, the pH of actual scrubbing solution is usually below 

1. Therefore, the optimal pH value is below 0.5 from the views 
of practical applications and removal performance. 

2.3. Product characterization 

To illustrate the evolution behaviour for mercury electrode- 
position at different electrolytic time, the morphology of the 
mercury deposit is depicted in Fig. 4 . Compared with the mor- 
phology of the cathode before electrodeposition in Fig. 4 a, the 
nucleation and growth of mercury deposits in Fig. 4 b and 4 c 
continuously increased, gradually covering the cathode. Upon 

further extension of the electrolysis time to 40 min, some 
spheres with a diameter of approximately 100 nm appeared 

in Fig. 4 d and 4 e. The corresponding EDS mapping results in 

Fig. 4 h confirm that these spheres are mainly composed of hy- 
drargyrum. After 210 min of electrolysis, many aggregate par- 
ticles appeared on the cathode surface. The EDS result sug- 
gested the existence of Cu. Additionally, the concentration of 
Cu 

2 + in the electrolyte was detected to avoid the interference 
of copper cathode. The results showed that the copper con- 
tent in the electrolyte decreased by approximately 12.3% after 
electrochemical reduction, which confirmed the electrodepo- 

sition of copper. These results suggested that the main prod- 
uct of electrolysis at the late stage was a Hg-Cu alloy. 

2.4. Electrodeposition dynamics 

The kinetic analyses for mercury reduction from an acidic 
scrubbing solution were studied using cyclic voltammetry to 
further characterize the electrodeposition behaviour. Fig. 5 a 
presents the current density as a function of potential at dif- 
ferent scan rates. The potential of the reduction peak shifted 

in the negative direction, and the corresponding peak current 
increased with an increasing scan rate, which was in accor- 
dance with a quasi-reversible reaction. Additionally, good lin- 
earity between the peak currents ( I p ) and square root of the 
scan rate ( v ) was obtained, as shown in Fig. 5 b, implying that 
the dynamic control step was diffusion control. The peak cur- 
rents I p can be expressed by the following Eq. (3) . 

I p = 0 . 4463 n 3 / 2 AF 3 / 2 RT −1 / 2 D 

1 / 2 C 0 V 

1 / 2 (3) 

where I p (A) is the peak current, n is the number of elec- 
trons transferred for mercury reduction, A (cm 

2 ) is the working 
area of the cathode, D (cm 

2 /sec) is the diffusion coefficient, C 0 

(mol/cm 

3 ) is the concentration of the reactant, and V (V/sec) 
is the scan rate. The diffusion coefficient D for mercury reduc- 
tion was calculated as 3.3 × 10 −4 cm 

2 /sec, which was not high 

and would require enhancement to accelerate the mass trans- 
fer process. 

The effect of the stirring rate on the cathode peak current 
density was investigated. As shown in Fig. 6 a, the peak cur- 
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Fig. 5 – (a) Cyclic voltammetry curve of the Tu solution for mercury reduction from an acidic Tu solution at different scan 

rates, and (b) the variation in the mercury reduction peak current density as a function of the square root of the scan rate 
from 0.01 to 0.05 V/sec. 

Fig. 6 – (a) Linear sweep voltammetry curves (scan rate of 10 mV/sec) and (b) chronoamperometry curves for mercury 

reduction at different stirring rates. 

rent density increased with increasing stirring rate, suggest- 
ing the beneficial effects of increasing the stirring rate for mer- 
cury electrodeposition. This finding also confirmed that the 
dynamic control step for mercury electrodeposition was the 
mass transfer of the reactant. The obtained current density 
in Fig. 6 b increased from -0.025 mA/cm 

2 without stirring to 
-0.038 mA/cm 

2 at a stirring rate of 600 r/min. Therefore, en- 
hancing the mass transfer process by increasing the stirring 
rate benefitted the performance of mercury electrodeposition. 

2.5. Mechanism of mercury reduction 

From Section 2.1 , the mercury species in the electrolyte was 
high coordination Hg(Tu) 4 2 + . During the electroreduction of 
metal complexes, there are two possible reaction paths. In this 
case, one was the direct reduction of Hg(Tu) 4 2 + on the cath- 
ode. The other was a pre-conversion step from high coordi- 
nation Hg(Tu) 4 2 + to low coordination Hg(Tu) x 2 + ( x of less than 

4) before the electroreduction of Hg(Tu) 4 2 + first occurred. Sub- 
sequently, the formed Hg(Tu) x 2 + would be reduced to metal- 
lic mercury. The constant current step technique was used to 
verify the reduction step of Hg(Tu) 4 2 + on the copper cathode. 
According to the Sand equation Powell et al., 2007 ), i τ1/2 met 

Eqs. (4) and ( (5) with and without the pre-conversion step, re- 
spectively. The equations are described as follows: 

iτ1 / 2 = 

nF π1 / 2 D 

1 / 2 C 0 

2 
− π1 / 2 C Tu 

4 −x i 

2 K ( k 1 + k −1 ) 
1 / 2 

(4) 

iτ1 / 2 = 

nF π1 / 2 D 

1 / 2 C 0 

2 
(5) 

where i (mA) is the current, τ (sec) is the transient time, n is 
the number of transferred electrons, F is the Faraday constant, 
D (cm 

2 /sec) is the diffusion coefficient, C 0 (mol/L) is the ini- 
tial concentration of the reactant, k 1 and k 2 are the reaction 

rate constants of the forward and reverse reactions of the pre- 
conversion step, respectively, K is the ratio of k 1 and k 2 , and 

C Tu (mol/L) is the concentration of thiourea. Fig. 7 a shows the 
potential changes at a constant current step of 1 mA. The cor- 
responding transient time was 13.59 sec. The transient time 
at different step currents are shown in Appendix A Table S3. 
The results in Fig. 7 b indicate a linear interrelationship be- 
tween i τ1/2 and i , illustrating the presence of a pre-conversion 

step from Hg(Tu) 4 2 + to Hg(Tu) x 2 + before the electroreduction 

of Hg(Tu) x 2 + . Therefore, Eq. (5) was suitable for describing the 
mercury reduction behaviour. To confirm the product after the 
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Fig. 7 – (a) Potential-time curve at a constant current step of 1 mA; (b) relationship between i τ1/2 and i at different currents; (c) 
relationship between i τ1/2 and i with different Tu concentrations; (d) relationship between the logarithmic slope and 

logarithmic Tu concentration. 

pre-conversion step, the slope in Fig. 7 c was converted by the 
following Eq. (6) : 

log B = log 
π1 / 2 

2 K ( k 1 + k −1 ) 
1 / 2 

− ( 4 − x ) log C Tu (6) 

where B represents the corresponding slope. Clearly, log B was 
directly proportional to the log of Tu concentration. As shown 

in Fig. 7 d, log B and log C Tu had a linear relationship, and the 
corresponding slope (4- x ) was 1.16. This result suggested that 
the product of the pre-conversion step on the surface of the 
cathode should be Hg(Tu) 3 2 + . 

The electron transfer for mercury reduction from the elec- 
trolyte was studied. As presented in Appendix A Fig. S8, only 
one reduction peak appeared at approximately -0.57 V and 

a scan rate of 10 mV/sec. The peak evolved into two weak 
peaks when the scan rate dropped to 2 mV/sec. The appear- 
ance of two peaks in the area of mercury reduction confirmed 

that mercury reduction consisted of two consecutive one- 
electron transfer processes. The peak at approximately -0.55 V 

should be attributed to the first step of mercury reduction 

from Hg(Tu) 3 2 + to Hg(Tu) 3 + , and the peak at -0.59 V was as- 
cribed to the second step of mercury reduction from Hg(Tu) 3 + 

to Hg. 
Based on the above discussions, a pre-conversion step on 

the surface of the cathode from Hg(Tu) 4 2 + to Hg(Tu) 3 2 + was 
needed before mercury electroreduction from the Tu solution. 
Subsequently, the formed Hg(Tu) 3 2 + gained electrons step by 
step, thereby forming elemental mercury as the final product. 

Fig. 8 – Schematic diagram of the electrolytic process at the 
cathode for the electrochemical reduction of mercury. 

The schematic diagram showing the diffusion and reaction 

path on the cathode surface is presented in Fig. 8 , helping fa- 
cilitate a deep understanding of mercury electroreduction be- 
haviour. 

2.6. Significance of metal mercury collection and practical 
application 

After mercury electrodeposition, thermal desorption technol- 
ogy was used to recycle metal mercury from the spent cath- 
ode. The result in Appendix A Fig. S9 shows that almost all 
of the mercury in the Hg-Cu alloy on the surface of the cath- 
ode can decompose to gaseous elemental mercury through 
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Fig. 9 – Practical application illustrating the electrolytic technology for recycling mercury and the scrubbing solution. 

thermal desorption. Subsequently, the obtained gaseous el- 
emental mercury was condensed into liquid metal mercury. 
Fig. 9 presents the practical application of electrolytic tech- 
nology for mercury recycling and scrubbing solution recycling. 
The separation and recovery of mercury from the scrubbing 
solution could realize mercury resource utilization and avoid 

mercury contamination from nonferrous metal smelting. Ad- 
ditionally, the remaining thiourea solution after electrolysis 
could return to the flue gas purification system, which de- 
creased the cost of mercury removal. Overall, electrodeposi- 
tion technology has broad prospects in mercury resource uti- 
lization and provides a sustainable perspective for mercury 
removal from flue gas and mercury pollution control from 

wastewater. 

3. Conclusions 

In this study, a sustainable technology for mercury removal 
and recycling using electrochemical extraction from a scrub- 
bing solution was proposed. Different parameters for mer- 
cury electrodeposition and kinetics were evaluated. The re- 
sults show that the mercury in the scrubbing solution could 

be selectively electrodeposited by controlling the cathode po- 
tential. Over 92.4% of mercury could be recycled in the form 

of an amalgam under optimal conditions within 150 min and 

with a current efficiency of approximately 75%. The mercury 
electroreduction process was a quasi-reversible process with 

mass transport-controlled kinetics. The mechanistic study in- 
dicated a pre-conversion step from Hg(Tu) 4 2 + to Hg(Tu) 3 2 + 

before mercury electroreduction. The formed Hg(Tu) 3 2 + on 

the cathode surface gained electrons step by step, before fi- 
nally being reduced to mercury. The electrodeposition method 

might provide a potential alternative technique for achiev- 
ing mercury recovery and reducing mercury pollution, which 

would be conducive to the green and sustainable development 
of the nonferrous metal smelting industry. Further study is 
needed to operate the electrodeposition process in a turbulent 

reactor to enhance mass transport and improve the current 
efficiency, thereby benefiting industrial applications. 
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