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A B S T R A C T   

Strongly acidic wastewater produced by copper smelting industries contains high concentrations of Cl(-I), Cu(II) 
and H2SO4. The common method for the treatment of this type of wastewater is neutralization, which produces 
large amounts of solid waste. To avoid the production of solid waste, it was proposed to selectively remove 
contaminants and then recycle the wastewater as diluted sulfuric acid. This study proposed a new complexation- 
precipitation method to effectively remove Cl(-I) using thiourea (TU) under the promotion of ascorbic acid (AC). 
The Cl(-I) removal efficiency was optimized, important effecting factors were investigated and the mechanisms of 
the AC-improved removal of Cl(-I) were studied. The results showed that, Cl(-I) removal efficiency reached 87.4 
% under a TU/AC/Cl(-I) mole ratio of 1:3:1 and the residual Cl(-I) concentration was lowered from 1000 mg/L to 
126.4 mg/L. The mechanism investigation showed that, AC first reduces Cu(II) to Cu(I), then, the produced Cu(I) 
is quickly complexed by TU to form the [Cu(I)x(TU)y]x+; finally, [Cu(I)x(TU)y]x+ precipitates with Cl(-I) in the 
form of [Cu(I)x(TU)y]Clx. This study provided a theoretical foundation of complexation-precipitation of Cl(-I) 
under strongly conditions and developed an effective method for removal of Cl(-I) from strongly acid waster.   

1. Introduction 

A large quantity of strongly acidic wastewater is produced by the 
fume cleaning process of copper smelting. It was reported that approx-
imate 100 thousand cubic meters of acidic wastewater was generated 
annually from a pyrometallurgical system with an annual output of 150 
thousand tons of blister copper (Yong et al., 2015). This kind of waste-
water is characterized by its high concentration of sulfuric acid, Cl(-I), 
Cu(II), arsenic and other heavy metals, which will pose serious threats 
to the environment if it is not treated appropriately (Giller et al., 1998; 
Luo et al., 2010; Tchounwou et al., 2012; Kong et al., 2017; Dou et al., 
2019; Vardhan et al., 2019). 

The most common industrial method used to treat this type of 
wastewater is neutralization, in which a large amount of solid waste is 
produced resulting in serious secondary pollution (Hammack et al., 

1994; Kaksonen et al., 2003; Wang et al., 2016). To avoid the production 
of large amounts of solid waste, it was proposed to selectively remove 
contaminants under strongly acidic conditions and then recycle this kind 
of wastewater as diluted sulfuric acid (Boucher et al., 1997; Gandara 
et al., 2012; Liu and Bai, 2013). At present, sulfide precipitation can be 
employed to effectively remove arsenic, copper, cadmium, etc from 
strongly acidic wastewater (Dalas et al., 1991; Van Hille et al., 2005; 
Peng et al., 2018). However, the removal of Cl(-I) is rather difficult. The 
method to remove Cl(-I) in the form of CuCl precipitates by dosing Cu(II) 
and Cu(0) into the acidic wastewater is currently widely used in in-
dustries (Zhang and Duan, 2010). However, this method requires the Cu 
(II)/Cu(0)/Cl(-I) mole ratio of 5:5:1, which consume massive Cu(II) and 
Cu(0). Besides, the reaction time is longer than 4 h. Peng et al. found that 
the efficiency of Cu(II)/Cu(0) method could be significantly enhanced 
under UV irradiation, the approximately 90 % of Cl(-I) removal 
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efficiency could be obtained after 25 min with Cu(0)/Cu(II)/Cl(-I) mole 
ratio of 2:2:1 (Peng et al., 2019). In addition, Dou et al. proposed that Cl 
(-I) could be efficiently removed in the form of BiOCl from strongly 
acidic wastewater by adding Bi2O3 under UV irradiation (Dou et al., 
2019). 

Previous studies have shown that Cu(I) can effectively react with Cl 
(-I) to form CuCl precipitates, even under strongly acidic conditions. 
Actually, the strongly acidic wastewater generated by the fume cleaning 
process of copper smelting contains large quantities of Cl(-I) and Cu(II), 
and the concentration of Cu(II) can be above 9.0 g/L (Wang et al., 2014). 
Therefore, it will be interesting to remove Cl(-I) from this kind of 
wastewater by adding a reducing agent that can reduce the Cu(II) to Cu 
(I). In fact, the complexation-precipitation reaction between 
N-4-ethoxybenzoyl-N’-2-methoxyphenyl thiourea (H2L, a kind of thio-
urea derivative, soluble in ethanol) and CuCl2 can occur in anhydrous 
ethanol to form a yellow precipitate according to the Eq. (1) (Hu et al., 
2009):   

In this reaction, Cu(II) was first reduced to Cu(I) by H2L, and then, 
the produced Cu(I) quickly complexed with the sulfur atom in the S––C 
bond of H2L to form [Cu(I)(H2L)3]+; finally, the formed [Cu(I)(H2L)3]+

reacted with Cl(-I) to produce [Cu(I)(H2L)3]Cl precipitates. Based on 
this, we speculated that thiourea derivatives can be used as reducing and 
complexing agents to first reduce the Cu(II) originally contained in the 
wastewater to Cu(I) and then achieve Cl(-I) removal by the 
complexation-precipitation reaction between the thiourea derivatives, 
Cu(I) and Cl(-I). 

In this study, Cl(-I) removal from strongly acidic wastewater con-
taining Cu(II) by complexation-precipitation using thiourea (TU) was 
investigated. The Cl(-I) removal efficiency under different doses of TU 
was determined. The generated products were carefully characterized, 
and the mechanisms of Cl(-I) removal were clarified in detail. Then, 
ascorbic acid (AC) was employed to enhance the reduction of the Cu(II) 
and thereby improve the Cl(-I) removal efficiency. There are two main 
reasons for choosing AC. First, AC is a strong reducing agent that is 
stable in acidic condition (Lau et al., 1986). By contrast, some common 
strong reducing agents, such as sodium dithionite, sodium thiosulfate, 
etc., are easy to decompose in acidic condition (Katherine et al., 2019; 
Wang et al., 2020a). In addition, it has been reported that AC can reduce 
Cu(II) to Cu(I) (Mapson, 1945; Dekker and Dickinson, 1940). Second, AC 
is little toxic (Davey et al., 2000; Deutsch, 2000), which means that, 
little adverse effect will be caused by residual AC on the utilization of 
recycled wastewater. Batch experiments were conducted to determine 
the effecting factors, including the dose of AC, reaction time, reaction 
temperature and H2SO4 concentration. Finally, the mechanisms of the 
AC-improved removal of Cl(-I) were proposed. 

2. Materials and methods 

2.1. Reagents and materials 

Sodium chloride (NaCl), copper sulfate (CuSO4⋅5H2O), copper 
chloride (CuCl2⋅2H2O), thiourea (TU, CH4N2S), sulfuric acid (H2SO4), 
phosphoric acid (H3PO4), metaphosphoric acid (HPO3), sodium hy-
droxide (NaOH), sodium citrate dihydrate (C6H5Na3O7⋅2H2O), 

formamidine disulfide (FDS, C2H6N4S2), formamidine sulfinic acid 
(FSIA, CH4N2SO2), ascorbic acid (AC, C6H8O6), ammonium chloride 
(NH4Cl) and trisodium phosphate (Na3PO4⋅12H2O) were of analytical 
reagent (AR) grade. Hydrochloric acid (HCl) and L-cysteine (C3H7NO2S) 
were of guaranteed reagent (GR) grade. Hexadecyl trimethyl ammo-
nium bromide (C19H42BrN), monopotassium phosphate (KH2PO4), 
methanol (CH3OH) and acetonitrile (C2H3N) were of high-performance 
liquid chromatography (HPLC) grade. All the chemicals were purchased 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Milli-Q 
deionized (DI) water was used to prepare all the aqueous solutions. The 
simulated acidic wastewater was prepared by mixing NaCl, CuSO4 and 
H2SO4 in DI water. Unless otherwise specified, the concentrations of Cl 
(-I), Cu(II) and H2SO4 in the simulated wastewater were 1000 mg/L, 
3500 mg/L and 80 g/L, respectively. The real wastewater was sampled 
from a copper smeltery in Yunnan Province, China, and the primary 
chemical compositions are listed in Table S1. 

2.2. Cl(-I) removal experiments 

Experiments for Cl(-I) removal by complexation-precipitation 
method were conducted in 500 mL beakers with 400 mL wastewater. 
The concentrations of Cl(-I), Cu(II) and H2SO4 in the simulated waste-
water were 1000 mg/L, 3500 mg/L and 80 g/L, respectively. As for the 
removal of Cl(-I) by TU, TU with TU/Cl(-I) mole ratios of 1:1, 2:1, 3:1, 
4:1 and 5:1 was added to the simulated wastewater, respectively. As for 
the removal of Cl(-I) by TU under AC promotion, AC was dosed with AC/ 
Cl(-I) mole ratios of 0.5:1, 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1 and 4:1, 
respectively, and then, TU was dosed with TU/Cl(-I) mole ratio of 1:1. 
After the regents being dosed, the solution was mixed under continuous 
stirring at 25 ◦C in a thermostatic magnetic stirring water bath 
(Zhengzhou Hengyan Instrument Co., Ltd. China). After 60 min of re-
action, 10 mL aliquots of the aqueous samples were taken and filtered 
through 0.45 μm PES membrane filters (ANPEL Laboratory Technologies 
Inc., China) to determine the concentrations of Cl(-I), Cutot, TU and AC. 
The precipitates were first separated by a vacuum filter, then washed 
with DI water until the pH of the washing liquid was neutral, and finally 
vacuum dried at 105 ◦C for the analyses. 

2.2.1. Analytical methods 
An ion-selective electrode method was used to determine the con-

centration of Cl(-I). A PCl-1-01 chloride ion electrode and C(K2SO4)-1 
reference electrode were cooperatively used in this method, and prior to 
use, the PCl-1-01 chloride ion electrode was activated by soaking in a 
10− 3 M potassium chloride solution for more than two hours. The 
electrode slope and linear range were determined. The curve of the 
regression equation for P[Cl(-I)] vs. E (mv) is shown in Fig. S1. The 
results showed that the electrode slope was 56.03 mV/PCl, and the 
linear measurement range was 5.0–100.0 mg/L. The specific processes 
used to measure the Cl(-I) concentration in the samples were as follows. 
(1) First, 1 mL of the filtered sample, 5 mL of the total ionic strength 
adjuster and buffer solution (TISAB, l M sodium citrate dihydrate, 
adjusted pH to 3–5 using concentrated nitric acid), and 20 mL of DI 
water were transferred to a 50 mL colorimetric tube. (2) Next, 0.5 mL of 
methyl red solution was added to the mixed solution, and then, the pH 
was adjusted to 4.0–5.0 by adding a NaOH solution (100 g/L) until the 
color of the mixed solution changed from red to yellow. (3) The mixed 

(1)   
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solution was diluted to a final volume of 50 mL using DI water, and then, 
the diluted solution was transferred to a 50 mL beaker. The electrodes 
were placed in the beaker, and the electric potential was measured as E1 
under continuous stirring. (4) Finally, 1 mL of the chloride standard 
solution (1000 ug/mL) was added into the abovementioned diluted 
mixed solution, and the final electric potential was measured as E2. The 
concentration of Cl(-I) could be calculated using Eq. (2). 

C0 =
20

10(E1 − E2)/56.03 − 1
(ug

/

mL) (2) 

TU and AC were quantified with high-performance liquid chroma-
tography (HPLC, LC-20A, Shimadzu, Japan) using a C18 LC column (250 
× 4.6 mm i.d., 5 μm, Phenomenex). The detailed HPLC test conditions 
were listed in the SM. The concentration of total Cu in the aqueous so-
lution was determined using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, NexION300, PerkinElmer, USA). The 
Raman spectra of the precipitates were obtained in the wavelength 
range of 100-3600 cm− 1 using a microconfocal Raman spectrometer 
(inVia-Reflex, Renishaw, UK). The valence state of the Cu in the pre-
cipitates was determined using X-ray photoelectron spectroscopy (XPS, 
ESCALAB 250Xi, Thermo Fisher, USA), the mass of tested powder was 
about 10 mg, and the fitting software used was Thermo Avantage 
(Version 5.979) (Wang et al., 2020b). 

3. Results and discussion 

3.1. Removal of Cl(-I) by complexation-precipitation using TU 

Fig. 1 shows the removal efficiency of Cl(-I) and residual Cutot per-
centage at different doses of TU. It was found that only 8.8 % of the Cl(-I) 
was removed after 60 min with a TU/Cl(-I) mole ratio of 1:1, and 
approximately 81.8 % of Cutot remained in the wastewater. Besides, the 
concentration of residual TU was 3.2 mM (Fig. 2a), which was only 11.2 
% of the total dosed TU. To explore whether the insufficient amount of 
dosed TU resulted in the very low Cl(-I) removal efficiency, we increased 

Fig. 1. The removal efficiency of Cl(-I) and the residual Cutot percentage using 
different TU/Cl(-I) mole ratios. Conditions: V =400 mL, C0(Cl(-I)) =1000 mg/L, 
C0(Cu(II)) =3500 mg/L, C(H2SO4) =80 g/L, T =25 ◦C, and t =60 min. The error 
bars showed the standard deviation (n = 3). 

Fig. 2. (a) The concentrations of the residual and consumed TU using different doses of TU. (b) and (c) The HPLC chromatogram of the aqueous samples before and 
after the reaction. (d) The XPS spectra of Cu in the obtained precipitates. (e) The Raman spectra of TU, the obtained precipitates, the prepared [Cu(I)x(TU)y](SO4)x/2 
precipitates and the prepared [Cu(I)x(TU)y]Clx precipitates. 
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the TU/Cl(-I) mole ratio. It was found that from TU/Cl(-I) mole ratios of 
1:1 to 5:1, the removal efficiency of Cl(-I) was not obviously improved, 
but the residual Cutot percentage decreased from 81.8 % to 5.5 %. 
Moreover, in our experiments, a phenomenon was observed in which the 
amount of generated precipitates significantly increased with the in-
crease in the TU dose. These results indicated that it was unattainable to 
improve the Cl(-I) removal efficiency by increasing the dose of TU. 

To clarify the mechanisms of removing Cl(-I) by complexation- 
precipitation using TU and reveal what led to the low Cl(-I) removal 
efficiency, detailed characterizations were performed on the aqueous 
samples and obtained precipitates. The HPLC analysis results indicated 
that formamidine disulfide (FDS), the characteristic oxidation product 
of TU (Suarez and Olson, 1992; Krunks et al., 1999), was generated in 
the Cl(-I) removal process (Fig. 2b and c). Additionally, the XPS results 
of the Cu in the obtained precipitates showed that two peaks at 933.2 eV 
(attributed to the Cu(I) within Cu-S) (Strohmeier et al., 1985) and 932.4 
eV (attributed to the Cu(I) within Cu-Cl) (Gaarenstroom and Winograd, 
1977) were obtained from the 2p3/2 XPS spectra of Cu (Fig. 2d). These 

results indicated that the redox reaction between TU and the Cu(II) 
indeed occurred in the Cl(-I) removal process, and FDS and Cu(I) were 
generated as oxidation and reduction products, respectively (Eq. (3) in 
Table 1) (Suarez and Olson, 1992). However, the generated FDS would 
hydrolyze to produce TU and formamidine sulfinic acid (FSEA) (Eq. (4) 
in Table 1) (Hu et al., 2012), and FSEA was unstable in the acidic so-
lution and would quickly transfer to generate TU and FSIA (Eq. (5) in 
Table 1) (Hu et al., 2012; Song et al., 2016), which resulted in the 
appearance of the characteristic peak of FSIA in the HPLC chromato-
gram (Fig. 2c). 

Subsequently, it was found by comparing the Raman spectra of the 
obtained precipitates with that of TU (Fig. 2e) that characteristic peaks 
of γ(Cu-Cl) and υ(Cu-S) (Table 2) newly appeared in the Raman spectra 
of the obtained precipitates, which indicated that [Cu(I)x(TU)y]Clx 
precipitates were generated during the removal of Cl(-I) (Eq. (6) in 
Table 1) (George et al., 1971; Bombicz et al., 2004). In addition, the 
γ(SO4

2− ) peak (Table 2) was also observed in the Raman spectra of the 
obtained precipitates. This implied that the obtained precipitates prob-
ably contained SO4

2− . It has already been found that TU, Cu(I) and SO4
2−

could react to produce [Cu(I)x(TU)y](SO4)x/2 precipitates in the solution 
containing a high concentration of SO4

2− (Eq. (7) in Table 1) (Bott et al., 
1998). In view of the Raman spectra results of the obtained precipitates, 
we speculated that besides the precipitation reactions occurring be-
tween TU, Cu(I) and Cl(-I), precipitation reactions between TU, Cu(I) 
and SO4

2− also occurred during the removal of Cl(-I). 
To prove the abovementioned speculation, we prepared [Cu 

(I)x(TU)y]Clx precipitates and [Cu(I)x(TU)y](SO4)x/2 precipitates by 
dosing a prescribed amount of TU into a CuCl2 solution and CuSO4 so-
lution, respectively. Then, Raman spectra analyses were performed on 
these two kinds of precipitates, and the results were also shown in 
Fig. 2e. The characteristic peaks of γ(Cu-Cl) and υ(Cu-S) (Table 2) were 
observed in the Raman spectra of the prepared [Cu(I)x(TU)y]Clx pre-
cipitates, and the characteristic peaks of γ(SO4

2− ) and υ(Cu-S) (Table 2) 
were observed in the Raman spectra of the prepared [Cu(I)x(TU)y] 
(SO4)x/2 precipitates. In contrast, γ(Cu-Cl), γ(SO4

2− ) and υ(Cu-S) bands 
(Table 2) simultaneously appeared in the Raman spectra of the pre-
cipitates produced in the Cl(-I) removal experiments, but the γ(Cu-Cl) 
peak and the υ(Cu-S) peak (Table 2) were not very obvious. Therefore, to 
further prove the existence of Cl(-I) in the obtained precipitates, 
hydrogen peroxide was used to dissolve the obtained precipitates to 

Table 1 
Reactions for Cl(-I) removal by AC-improved complexation-precipitation using TU.  

Number Reaction References 

3 (Suarez and Olson, 1992; Krunks et al., 1999) 

4 (Hu et al., 2012) 

5 (Hu et al., 2012) 

6 (George et al., 1971; Bombicz et al., 2004) 

7 (Bott et al., 1998) 

8 (Mapson, 1945; Dekker and Dickinson, 1940)  

Table 2 
The bands and assignments for the vibrational spectra of TU and the precipitates.  

Raman shift (cm− 1) Assignment References 

248 γ(Cu-Cl) Clark and Williams, 1965; Yang 
and Xu, 2011 

249 υ(Cu-S) Brown and Hope, 1996; Bombicz 
et al., 2004; Bott et al., 1998 421,423 δ(NCN), 

δ(SCN) 
475,477 δ(SCN) Bott et al., 1998 

613,614 β(SCN) 
Brown and Hope, 1996; Bott et al., 
1998 

706,708,732 υ(CS) 
Bott et al., 1998; Kumari et al., 
2009 

976,971 γ(SO4
2− ) Brown and Hope, 1996; Bott et al., 

1998 

1092,1107,1109 υ(CN), ρ(NH2) 
Bombicz et al., 2004; Bott et al., 
1998 

1383,1426,1428 
υ(CN), 
ρ(NH2), υ(CS) Brown and Hope, 1996; Bombicz 

et al., 2004; Bott et al., 1998 
1518,1520 υ(CN) 

1635,1639 δ(NH2), 
δ(OH2) 

Brown and Hope, 1996; Bombicz 
et al., 2004; Bott et al., 1998;  
Kumari et al., 2009 3183,3206,3296,3319,3377 υ(NH), υ(OH)  
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determine the Cl(-I) content. The obtained results showed that the Cl(-I) 
content in the precipitates was consistent with the amount of Cl(-I) 
removed from the wastewater (Table S2). Besides, we partially 
enlarged the Raman spectra to prove that the υ(Cu-S) peak indeed exist 
(Fig. S2). From the abovementioned results, it can be inferred that the 
precipitation reactions between TU, Cu(I) and SO4

2− indeed occurred, 
and [Cu(I)x(TU)y](SO4)x/2 precipitates were produced during the 
removal of Cl(-I). Besides, we carried out experiments to examine 
whether CuCl precipitation contributed to Cl(-I) removal. We first per-
formed XRD analysis on the obtained precipitates. However, it was 
found that CuCl was not detected in the XRD pattern of the obtained 
precipitates (Fig. S3). Then, SEM characterization of the obtained pre-
cipitates was conducted, and it can be seen that the morphology of the 
obtained precipitates was composed of irregular blocks and sticks (Fig. 
S4a). By comparing the SEM images with those of CuCl precipitates in 
the literatures (Fig. S4b, c, d) (Hou et al., 2017; Cho et al., 2018; Ding 
et al., 2020), we can infer that the obtained precipitates contained little 

CuCl. The above results indicated that two kinds of precipitation prod-
ucts, [Cu(I)x(TU)y]Clx and [Cu(I)x(TU)y](SO4)x/2, were produced during 
the removal of Cl(-I) by the complexation-precipitation method. 

Moreover, the dry weight of the precipitates produced in the Cl(-I) 
removal experiments performed with different doses of TU was 
measured, and then, the content of Cl(-I) in these precipitates was 
determined. The results showed that the weight of the produced pre-
cipitates increased obviously as the TU/Cl(-I) mole ratio increased from 
1:1 to 5:1, but the mass fraction of Cl(-I) in the precipitates gradually 
decreased, which indicated that the precipitates produced in the Cl(-I) 
removal experiments were mostly the [Cu(I)x(TU)y](SO4)x/2 pre-
cipitates (Table 3). 

In summary, complexation-precipitation using only TU was not 
efficient to remove Cl(-I) from strongly acidic wastewater. Using a low 
TU dose, Cu(II) was not efficiently reduced, and only a small quantity of 
[Cu(I)x(TU)y]Clx precipitates were generated, resulting in a very low Cl 
(-I) removal efficiency. However, when the dose of TU increased, 
although the reduction of Cu(II) could be enhanced, the side reactions 
between TU, Cu(I) and SO4

2− occurred, and large quantities of [Cu 
(I)x(TU)y](SO4)x/2 precipitates were produced, also resulting in a low Cl 
(-I) removal efficiency. 

3.2. Enhancement of Cl(-I) removal using AC 

3.2.1. AC-improved Cl(-I) removal 
The abovementioned results showed that the limited reduction of Cu 

(II) at a low TU dose and the occurrence of the side reactions between 
TU, Cu(I) and SO4

2− at a high TU dose resulted in the low efficiency for Cl 
(-I) removal. It has been reported that AC, a strong reductant, was able to 
reduce Cu(II) to Cu(I) (Eq. (8) in Table 1) (Mapson, 1945; Dekker and 
Dickinson, 1940). Based on this, we proposed to employ AC to enhance 
the reduction of Cu(II) and thus improve the Cl(-I) removal efficiency. 
The AC-improved Cl(-I) removal experiments were conducted with a 
TU/Cl(-I) mole ratio of 1:1. The removal efficiency of Cl(-I) and the 
residual Cutot percentage at different doses of AC were shown in Fig. 3. It 
was found that the Cl(-I) removal efficiency was significantly improved 
from 8.8 % without AC addition to 52.2 % with an AC/Cl(-I) mole ratio 
of 0.5:1. In addition, as the AC/Cl(-I) mole ratio increased from 0.5:1 to 
4:1, the Cl(-I) removal efficiency increased from 52.2 % to 90.1 %, and 
the residual Cutot percentage in the treated wastewater decreased from 
65.4 % to 34.2 %. Because the Cl(-I) removal efficiency only slightly 
increased from 87.4 % to 90.1 % when the AC/Cl(-I) mole ratio 
increased from 3:1 to 4:1, the optimal TU/AC/Cl(-I) mole ratio was 
finally determined to be 1:3:1, under which a removal efficiency of 87.4 
% was achieved, and the residual Cl(-I) concentration was lowered to 
126.4 mg/L. 

Table 3 
The weight of the produced precipitates and the mass fraction of Cl(-I) in these 
precipitates using different TU/Cl(-I) mole ratios.  

TU/Cl(-I) mole ratio 1:1 2:1 3:1 4:1 5:1 

Precipitates weight (g) 1.08 3.62 6.63 8.15 10.25 
Cl(-I) mass fraction (%) 9.4 3.4 2 1.6 1.3  

Fig. 3. The removal efficiency of Cl(-I) and the residual Cutot percentage using 
different AC/Cl(-I) mole ratios. Conditions: V =400 mL, C0(Cl(-I)) =1000 mg/L, 
C0(Cu(II)) =3500 mg/L, C(H2SO4) =80 g/L, the TU/Cl(-I) mole ratio = 1:1, T 
=25 ◦C, and t =60 min. The error bars showed the standard deviation (n = 3). 

Fig. 4. (a) The Cu(II) reduction efficiency as a function of reaction time with TU/Cu(II) mole ratio of 1:1 and different TU/AC/Cu(II) mole ratios. (b) The XPS spectra 
of the precipitates generated with a TU/AC/Cl(-I) mole ratio of 1:3:1. Conditions: V =400 mL, C(H2SO4) =80 g/L, and T =25 ◦C. The error bars showed the standard 
deviation (n = 3). 
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HPLC analyses were performed to determine the concentrations of 
TU and AC in the treated solution. The obtained results showed that TU 
was not detected (Fig. S5), and the concentration of residual AC was 
72.2 % of the originally dosed AC (Fig. S6), which indicated that 27.8 % 
of dosed AC was oxidized to dehydroascorbic acid (DHAC). We further 
carried out reduction experiments of Cu(II) in a 31.5 mM CuSO4 solution 
with different doses of TU and AC. The results showed that only 3.75 % 
of Cu(II) was reduced under TU/Cu(II) mole ratio of 1:1 without AC, but 
when AC was dosed at a TU/AC/Cu(II) mole ratio of 1:0.5:1, approxi-
mately 41.6 % of Cu(II) was reduced. Besides, with the increase in AC 
dose, the Cu(II) reduction efficiency also increased (Fig. 4a). The XPS 
results of the precipitates generated with a TU/AC/Cl(-I) mole ratio of 
1:3:1 showed that two peaks at 932.9 eV (attributed to the Cu(I) within 

Cu-S) (Deroubaix and Marcus, 1992) and 932.3 eV (attributed to the Cu 
(I) within Cu-Cl) (Robert and Offergeld, 1972) were obtained from the 
2p3/2 XPS spectra of Cu (Fig. 4b), which further indicated that the Cu 
(II) in the wastewater was reduced. Additionally, the Raman spectros-
copy analyses indicated that the produced precipitates can be identified 
as [Cu(I)x(TU)y]Clx and [Cu(I)x(TU)y](SO4)x/2 (Fig. S7). The above-
mentioned results strongly suggested that Cu(II) was reduced by AC, and 
[Cu(I)x(TU)y]Clx precipitates and [Cu(I)x(TU)y](SO4)x/2 precipitates 
were produced during the removal of Cl(-I). 

3.3. Effect of important factors 

The effect of important factors, including the initial Cl(-I) 

Fig. 5. (a) The Cl(-I) removal efficiency as a function of reaction time for different initial concentrations of Cl(-I). (b) The Cl(-I) removal efficiency as a function of 
reaction temperature. (c) The residual Cutot percentage as a function of reaction time in the CuCl2 solution and CuSO4 solution. (d) The residual Cutot percentage as a 
function of reaction temperature in the CuCl2 solution and CuSO4 solution. (e) The Cl(-I) removal efficiency as a function of the H2SO4 concentration. (f) The 
concentration of the generated DHAC and the residual Cutot percentage as a function of the H2SO4 concentration. Conditions for (a), (b), (e) and (f): V =400 mL, 
C0(Cu(II)) =3500 mg/L, TU/AC/Cl(-I) mole ratio = 1:3:1. Unless otherwise specified, C0(Cl(-I)) =1000 mg/L. Conditions for (c) and (d): V =400 mL, C0(Cu(II)) 
=2000 mg/L, and TU/AC/Cu(II) mole ratio = 0.5:1.5:1. The error bars showed the standard deviation (n = 3). 
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concentration, reaction time, reaction temperature and H2SO4 concen-
tration, on removing Cl(-I) from strongly acidic wastewater containing 
Cu(II) were investigated, and the results were shown in Fig. 5. It was 
found that the precipitation of Cl(-I) reached equilibrium after approx-
imately 20 min. Moreover, with a TU/AC/Cl(-I) mole ratio of 1:3:1, Cl 
(-I) removal efficiencies of 87.3 %, 88.2 % and 88.1 % were obtained 
for strongly acidic wastewater with Cl(-I) concentrations of 1000 mg/L, 
1500 mg/L and 2000 mg/L, respectively (Fig. 5a). This result indicated 
that Cl(-I) can be effectively removed from strongly acidic wastewater 
within the investigated Cl(-I) concentration range. Fig. 5b shows that the 
Cl(-I) removal efficiency first increased as the reaction temperature 
increased from 25 to 50 ◦C and then decreased as the reaction temper-
ature increased from 50 to 70 ◦C. The results indicated that the optimal 
reaction temperature for Cl(-I) removal by complexation-precipitation 
was 50 ◦C, under which a removal efficiency of 93.4 % was obtained, 
and the residual Cl(-I) concentration was lowered to 73.6 mg/L. 

It has been characterized that [Cu(I)x(TU)y]Clx precipitates and [Cu 
(I)x(TU)y](SO4)x/2 precipitates were produced during the removal of Cl 
(-I). Based on this, we carried out complexation-precipitation experi-
ments in a 31.5 mM CuCl2 solution and 31.5 mM CuSO4 solution, 
respectively, to further explore the effect of the reaction time and re-
action temperature on the formation of [Cu(I)x(TU)y]Clx precipitates 
and [Cu(I)x(TU)y](SO4)x/2 precipitates. The TU/AC/Cu(II) mole ratio 
was both 0.5:1.5:1 in CuCl2 solution and CuSO4 solution, which was the 
same as TU/AC/Cu(II) mole ratio in Fig. 5a. The consumption of Cutot 
was used to represent the amounts of formed [Cu(I)x(TU)y]Clx or [Cu 
(I)x(TU)y](SO4)x/2. Fig. 5c shows that the formation of the [Cu(I)x(TU)y] 
(SO4)x/2 precipitates needed 10 min, the [Cu(I)x(TU)y]Clx precipitates 
needed 20 min to form. This agreed well with the results shown in 
Fig. 5a, which indicated that the precipitation of Cl(-I) from strongly 
acidic wastewater reached equilibrium after approximately 20 min. The 
pictures of the precipitation products in the Cl(-I) removal reaction were 
shown in Fig. S8. Besides, it was also found that the consumption of Cu 
(II) in CuCl2 solution was more than that in CuSO4 solution (Fig. 5c). We 
ascribe the occurrence of this phenomenon to the different solubility of 
[Cu(I)x(TU)y]Clx precipitates and [Cu(I)x(TU)y](SO4)x/2 precipitates. To 
verify this supposition, we determined the concentrations of residual TU 
and AC in the solutions after 90 min of reaction at 25 ◦C. The obtained 
concentrations of residual TU and AC were 5.8 mM and 32.4 mM in 
CuCl2 solution, 9.6 mM and 38.5 mM in CuSO4 solution, respectively. 
These results indicated that the complexed TU and the oxidized AC in 
CuCl2 solution are more than that in CuSO4 solution, which means that 
the amount of generated [Cu(I)x(TU)y]Clx precipitates was indeed more 
than [Cu(I)x(TU)y](SO4)x/2 precipitates. In other words, the solubility of 
[Cu(I)x(TU)y](SO4)x/2 precipitates is higher than that of [Cu(I)x(TU)y] 
Clx precipitates. Moreover, it was found that the reaction temperature 
had no obvious effect on the residual Cutot percentage in CuSO4 solution 
while the residual Cutot percentage reached the minimum of 12.6 % at 
50 ◦C in CuCl2 solution (Fig. 5d), which agreed well with the results 
shown in Fig. 5b indicating that Cl(-I) removal efficiency reached the 
maximum at 50 ◦C. 

The effect of the H2SO4 concentration on the Cl(-I) removal effi-
ciency shown in Fig. 5e indicated that, as the H2SO4 concentration 
increased from 80 g/L to 200 g/L, the Cl(-I) removal efficiency 
decreased from 93.4 % to 77.9 %. Furthermore, it was found that with 
the increase in the H2SO4 concentration, the concentration of the pro-
duced DHAC decreased, and the residual Cutot percentage increased 
(Fig. 5f). These results indicated that the increase in the acidity 
decreased the reduction of Cu(II) by AC, which resulted in the decreased 
Cl(-I) removal efficiency with the increase in the H2SO4 concentration 
(Fig. 5e). 

3.4. Proposed mechanisms 

The mechanisms for AC-improved Cl(-I) removal from strongly 
acidic wastewater containing Cu(II) by complexation-precipitation 
using TU are proposed as follows (Fig. 6). First, the redox reaction oc-
curs between the Cu(II) originally contained in the wastewater and AC to 
produce Cu(I) and DHAC. Subsequently, the produced Cu(I) is quickly 
complexed by TU to form [Cu(I)x(TU)y]x+, and then, the formed [Cu 
(I)x(TU)y]x+ reacts with Cl(-I) to produce [Cu(I)x(TU)y]Clx precipitates, 
thus achieving Cl(-I) removal. However, the complex of [Cu(I)x(TU)y]x+

also can react with SO4
2− in the strongly acidic wastewater to produce 

the [Cu(I)x(TU)y](SO4)x/2 precipitates, which is the side reaction 
occurred during the process of Cl(-I) removal. 

3.5. Environmental implication 

The Cl(-I) removal experiments were conducted on real wastewater 
to verify the practical application of AC-improved complexation-pre-
cipitation method using TU. Because the Cl(-I) removal efficiency only 
increased from 87.3 % to 93.4 % when the reaction temperature 
increased from 25 to 50 ◦C, the experiments of removing Cl(-I) from real 
wastewater were conducted at room temperature. The results showed 
that, using a TU/AC/Cl(-I) mole ratio of 1:3:1, approximately 81.7 % of 
Cl(-I) was removed after 40 min, and the concentration of Cl(-I) 
decreased from 2025.5 to 387.1 mg/L (Fig. 7). The HPLC results 
showed that TU was not detected in the treated wastewater, and the 
residual concentration of AC was 51.5 % of the originally dosed AC, 
which indicated that 48.5 % of AC was oxidized to DHAC after Cl(-I) 
removal. It is worth mentioning that, AC and DHAC is little toxic 
(Davey et al., 2000; Deutsch, 2000), which means that, little adverse 
effect will be caused by residual AC and DHAC on the utilization of the 
recycled wastewater. Our recent research showed that the UV-enhanced 
Cu(0)/Cu(II) method could effectively remove Cl(-I) from strongly 
acidic wastewater with a Cu(0)/Cu(II)/Cl(-I) mole ratio of 2:2:1 (Peng 

Fig. 6. Proposed mechanisms for AC-improved Cl(-I) removal from strongly 
acidic wastewater containing Cu(II) by complexation-precipitation using TU. 

Fig. 7. The removal efficiency of Cl(-I) in real wastewater as a function of re-
action time. Conditions: V = 5 L, TU/AC/Cl(-I) mole ratio = 1:3:1, C0(Cl(-I)) 
=2025.5 mg/L, room temperature, and the error bars showed the standard 
deviation (n = 3). 
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et al., 2019). In comparison, the Cl(-I) removal method proposed in this 
work requires no addition of Cu(0). Besides, we also conducted the Cu 
(II) reduction experiments using a TU/AC/Cu(II) mole ratio of 1:0.5:1 
and Cl(-I) removal experiments using a TU/AC/Cl(-I) mole ratio of 1:3:1 
on neutral wastewater. Interestingly, it was found that the reduction 
efficiency of Cu(II) was higher under neutral conditions than that of Cu 
(II) in strongly acidic wastewater (Fig. S9), and a higher Cl(-I) removal 
efficiency of 93.8 % was obtained in neutral wastewater after 20 min 
(Fig. S10). 

4. Conclusions 

This study provided an AC-improved complexation-precipitation 
method using TU to effectively remove Cl(-I) from strongly acidic 
wastewater containing Cu(II). TU alone showed very low efficiency for 
removal of Cl(-I) and the removal efficiency was only 8.8 % under TU/Cl 
(-I) mole ratio of 1:1. However, Cl(-I) was efficiently precipitated by TU 
under the promotion of AC. The removal efficiency was greatly 
enhanced to 87.4 % by dosing AC at TU/AC/Cl(-I) mole ratio of 1:3:1 
and the residual Cl(-I) concentration in the wastewater was lowered 
from 1000 mg/L to 126.4 mg/L. The precipitates were identified to be 
composed of [Cu(I)x(TU)y]Clx and [Cu(I)x(TU)y](SO4)x/2. The mecha-
nism for Cl(-I) removal was a combination of Cu(II) reduction by AC and 
formation of [Cu(I)x(TU)y]Clx precipitates through complexation. This 
study provided a theoretical foundation of complexation-precipitation 
of Cl(-I) under strongly acidic conditions and developed an effective 
method for removal of Cl(-I) from strongly acidic waster. 
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