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posed. Through the solid-liquid separation for copper slag slurry, the liquid-phase part has
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a critical influence on removing NOx and SO2 . Also, the leached metal ions played a crucial
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role in the absorption of SO2 and NOx . Subsequently, the effects of single/multi-metal ions
on NOx removal was investigated. The results showed that the leached metal from copper
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converter slag (Al3+ , Cu2+ , and Mg2+ ) and KMnO4 had a synergistic effect on NOx removal,

Copper slag slurry

thereby improving the NOx removal efficiency. Whereas Fe2+ had an inhibitory effect on

Metal ions

the NOx removal owing to the reaction between Fe2+ and KMnO4 , thereby consuming the

Desulfurization

KMnO4 . Besides, SO2 was converted to SO4 2− completely partly due to the liquid catalytic

Denitrification

oxidation by metal ions. The XRD and XPS results indicated that the Fe (II) species (Fe2 SiO4 ,

Reaction mechanism

Fe3 O4 ) in copper slag can react with H+ ions with the generation of Fe2+ , and further consumed the KMnO4 , thereby resulting in a decrease in the NOx removal. The characterization
of the slags and solutions before and after reaction led us to propose the possible mechanisms. The role of copper slag is as follows: (1) the alkaline substances in copper slag can
absorb SO2 and NO2 by KMnO4 oxidation. (2) copper slag may function as a catalyst to accelerate SO2 conversion and improve NOx removal by synergistic effect between leached metal
ions and KMnO4 .
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Sulfur dioxide (SO2 ) and nitrogen oxides (NOx ) as important air pollutants in non-electrical industries would bring
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great harmful environmental problems including haze and
acid rain (Li et al., 2018; Tang et al., 2020; Wu et al., 2018).
In terms of the acid-making tail gases of the non-ferrous
metal smelting industry, there is a lack of appropriate flue
gas treatment technology in non-electrical industries, such
as metallurgical industries and chemical industries. The
conventional wet flue gas desulfurization (WFGD) technology
is considered to be a classical technique for SO2 removal and
is widely used to detoxify coal-fired flue gas (Meng et al., 2019;
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Sun et al., 2015), especially the limestone-gypsum method
(Ca-based WFGD). Nevertheless, conventional flue gas desulfurization technology is not suitable for acid-making tail gases
from non-electronic power industries such as chemical and
metallurgical industries due to the difficulty of disposing of
the desulfurized solid waste, the high cost of the desulfurizing
agent, the low-grade desulphurization by-products (for example, calcium sulfate), high investment and maintenance costs
of desulphurization process (Zhang et al., 2017). In addition,
the ultra-low emission for SO2 and NOx has been proposed
and will extend to the non-ferrous metal smelting industry in
near future. Hence, it is necessary for treating acid-making tail
gas to modify traditional WFGD technology that can reduce
the environmental burden and enhance economic benefit.
In recent, industrial solid wastes have been investigated
by some scholars to remove SO2 or/and NOx , such as steel
slag (Meng et al., 2019), red mud (Bhattacharyya and Rajanikanth, 2015; Li et al., 2020), fly ash (Zhai et al., 2017), and
phosphate rock (Nie et al., 2020). Copper slag that the annual production reached approximately 42 million tons on a
global-scale (Gorai et al., 2003), would cause contamination of
soil and groundwater owing to the potential problem of heavy
metals leaching (Alter, 2005). Environmental problems related
to its disposal is urgent to investigate alternative uses for copper slag in other processes. Based on its chemical composition,
the copper slag is rich in metal oxides which have the effect of
liquid-phase catalytic oxidation for SO2 (Sun et al., 1998), and a
small quantity of alkaline earth metal oxide such as CaO, MgO,
which are favorable for absorbing SO2 and NOx (Meng et al.,
2019; Sun et al., 2015). Thus, copper slag as absorbent has
the feasibility of desulphurization and denitrification. Furthermore, compared to the limestone-gypsum method, there
are several advantages for copper slag as an absorbent: (1) copper slag as a desulfurizing agent can be directly used in acidmaking gas from copper smelting plant without purchasing
extra desulfurizing agent; (2) the reacted solution can be recycled and utilized in many ways, for example, leaching metal
ions such as Fe2+/3+ or Cu2+ can be recovered by liquid membrane technology (Tao et al., 2019). (3) There is no need to
dispose of desulphurization and denitrification solid waste
such as desulfurization gypsum contained heavy metals. (4)
By-products mainly include [Fe2 (OH)n (SO4 )3-n/2 ], of which the
added value is relatively high relative to calcium sulfate. Furthermore, reagents, whether gaseous or solid-state, can be
easily introduced to a slurry system to improve the NOx removal efficiency. Hence, copper slag as an absorbent for SO2
and NOx removal is suitable and can achieve the goal of “waste
controlled by waste”.
Considering relative low NOx removal efficiency in WFGD
technology, the modification of the WFGD process (copper slag
slurry method) to also control NOx emission is an economically attractive alternative. One possibility to reduce SO2 emissions while controlling NOx emissions in the modified WFGD
process could be realized by the simple addition of chemical
additives. A range of reagents in aqueous solution has been
investigated to achieve removal of NO, including KMnO4 , NaClO, NaClO2 , HClO3 , P4 , H2 O2 , Na2 S2 O8, and Fenton reagent
(Adewuyi et al., 2018; Chang and Lee, 1992; Guo et al., 2011;
Hsu et al., 1998; Jin et al., 2006; Liu et al., 2016; Sada et al., 1977;
Xiao et al., 2011). Among them, KMnO4 has been proved to be

comparatively one of the most effective oxidizing agents for
NO oxidation due to its higher oxidation-reduction potential
compared to NaClO, NaClO2 , and H2 O2 . Moreover, the KMnO4
in the slurry system can be stable and the generation of MnO2
in the weakly alkaline slurry has the potential to oxidize NO2
(Li et al., 2018; Pan et al., 2013). Thus, the KMnO4 was introduced to the improved-WFGD technology to improve the NOx
removal efficiency.
In this study, the copper slag slurry combined with KMnO4
in the WFGD process was developed to simultaneous desulfurization and denitrification. Emphasis is laid on the reaction
mechanism of removal of SO2 and NOx by copper slag slurry,
and the effect of metal ions leached from copper slag on SO2
and NOx removal. The liquid phase of slurry, fresh and spent
solid samples were investigated by a series of characterization
techniques including ion chromatography (IC), X-ray diffraction (XRD), X-ray fluorescence (XRF) spectroscopy, X-ray photoelectron spectroscopy (XPS). Based on these results, the possible mechanism was proposed.

1.

Materials and methods

1.1.

Materials

The copper converter slag sample was collected by a copper
smelting plant located in Yantai, China. Before the experiment
of simultaneous removal of NOx and SO2 , the copper slag samples were first dried under 105°C overnight. Then these samples were crushing by a ball mill (XQM240 × 90, Changsha
Tianchuang Powder Technology Co., Ltd, China) and sieved
through 200 meshes (copper slag particle size ≤ 74 μm). The
chemical composition of raw copper slag was characterized by
XRF and the results were shown in Table S1. Standard gases
include N2 (≥ 99.99%), SO2 /N2 (1.00% SO2 , V/V), and NO/N2
(1.00% NO, V/V), and O2 (≥ 99.50%), all of which were purchased from Dalian special gases Co., Ltd, China. The whole
of the chemical reagents was of analytical reagent grade and
obtained from Sigma-Aldrich Co., Ltd, China.

1.2.

Experimental apparatus and removal efficiency

The experimental system employed for simultaneous removing NOx and SO2 was divided into a flue gas simulation system, a flue gas absorption unit, a tail gas treatment system,
and a flue gas sample analysis system. The schematic diagram of the experimental apparatus is shown in Fig. 1. In all
of the experiments, the simulated flue gas consists of SO2 ,
NO, O2, and N2 , all of which were supplied by gas cylinders
(1-4), and their concentration were 300 ppmv (parts per million by volume), 250 ppmv, 10 vol%, respectively, with a total
gas flow rate of 200 mL/min (Note: 1 ppmv NO = 1.2479 mg/m3 ,
1 ppmv SO2 = 2.6622 mg/m3 at 20°C and 101.325 KPa). The gas
flow in each gas path is controlled by mass flow controllers
(6) (Beijing Seven-star Electronics Co., Ltd., China). And then
all of the gases were mixed in the mixing tank (8). The mixed
gas would reach the desired concentration by adjusting mass
flow controllers, and SO2 and NOx concentrations were analyzed by flue gas analyzer (15) (J2KN, ECOM, Germany). Then
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Fig. 1 – Schematic diagram of the experimental apparatus.

the mixed gas passed through the reactor. The reactor consisted of a thermostatic oil bath (9), three-necked flask (10), a
magnetic stirrer (11), and inlet and outlet pipes, in which simulated waste gas would be treated by the prepared copper slag
slurry. The copper slag slurry was prepared by adding 200 mL
deionized water with a certain amount of copper slag under
the condition of the solid-to-liquid ratio 10:1, KMnO4 concentration of 1000 mg/L, and vigorous stirring. During the reaction
process, the pH value of slurry was measured by pH meter (12)
(PHS-3C, INESA Scientific Instrument Co., Ltd, China). Moreover, the tail gas would first be analyzed by a flue gas analyzer
and then be removed in the tail gas treatment system (14).
The simulated flue gases were measured by a flue gas analyzer. In addition, the simulated flue gases were collected by a
gas-bag with 15 min of measurement periods before removing
water vapor by drying tube full of anhydrous calcium chloride.
The average concentration of air pollutants was employed to
calculate the removal efficiencies. The removal efficiencies of
SO2 and NOx were defined as following:
Removal efficiency (%) =

Cinlet − Coutlet
× 100%
Cinlet

where Cintlet (ppmv) is the concentration of SO2 or NOx in inlet
flue gas; Coutlet (ppmv) is the concentration of SO2 or NOx in
outlet flue gas.

1.3.

spectroscopy (AXIOS, PANalytical Instruments, Holland). XPS
(PHI 5000VersaProbe II, ULVAL-PHI, Japan) using Al Kα radiation was conducted to determine the binding energies of O 1s,
Fe 2p, and Fe 3p. The X-ray diffraction (XRD) spectroscopy was
carried out on D/Max 2200 (Rigaku, Japan) to identify the crystalline phase composition of all solid samples. The XRD analysis was carried out to record the XRD pattern between 10° and
70° under the condition of a step of 0.02°/sec, 36 kV, 30 mA
using Cu Kα radiation. The crystalline phase and minerals are
characterized by the International Centre for Diffraction Data
(ICDD) and database Powder diffraction file (PDF-2). Moreover,
the analysis of anion and alkali metal ions produced in the
reaction process was determined by ion chromatography (IC,
Metrohm, Switzerland) and concentrations of transition metal
ions were measured by post-column and ultraviolet–visible
(UV-VIS) detection (944 Professional UV-VIS Detector Vario/943
Professional Reactor Vario/943 Professional Thermostat Vario,
Metrohm, Switzerland). The oxygen reduction potential and
pH value were measured by ORP/pH meter (PHS-2H, INESA Co.,
Ltd., China).

2.

Results and discussions

2.1.
Effects of different types of copper slag slurry with
and without KMnO4 on SO2 and NOx removal

Analytical methods

The chemical composition of all solid samples including fresh
and spent copper slag samples (after filtration and then dried
at 105°C for 12 hr) were examined by X-ray fluorescence (XRF)

The copper slags collected from different production links
can be divided into three types, including copper mine tailing, copper slag of bottom blowing, and copper converter slag.
The removal efficiencies of these copper slags for simultane-
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Fig. 2 – Effects of different types of copper slag slurry with and without KMnO4 on (a) NOx removal and (b) SO2 removal.
Experimental conditions: SO2 concentration = 300 ppmv; NOx concentration = 250 ppmv; O2 concentration = 10 vol.%;
solid-liquid ratio = 1:10 g/mL, liquid (L) = 200 mL; KMnO4 concentration = 1000 mg/L; solution temperature = 45°C; stirring
speed = 1000 r/min; gas flow rate = 200 mL/min.

ous desulfurization and denitrification were studied. It can be
seen in Fig. 2b that the SO2 removal efficiency of all types of
copper slag slurry with and without KMnO4 can reach almost
100% during the reaction process. Meanwhile, it is found that
the NOx removal efficiency of KMnO4 /copper converter slag
slurry is higher than that of other KMnO4 /copper slag slurries
and the control group (KMnO4 alone). Furthermore, the copper converter slag slurry without KMnO4 obtained higher NOx
removal efficiency relative to other copper slag slurry without
KMnO4 , which indicated that the copper converter slag and
KMnO4 have a synergistic effect on the removal of NOx . Hence,
copper converter slag was chosen in this study.
Due to the complexity of the copper slag slurry system,
the analysis of the copper slag slurry system is divided into
two parts: liquid-phase part and solid-phase part. Herein, the
preparation process of the liquid-phase part and solid-phase
part is shown in Fig. S1, with further detailed descriptions in
Appendix A. Supplementary data. From Fig. 3, it is seen that
the NOx removal efficiency of the liquid phase is higher than
that of the solid phase and close to that of raw copper slag
slurry after 2.5 hr of reaction time. During the stirring process,
the alkaline materials of copper converter slag were dissolved
in the liquid-phase part, which can be in favor of the absorption of NOx due to higher reaction rate (Sada et al., 1977). The
alkaline materials in raw copper slag were transferred into the
liquid-phase part after the filtration process, which may explain the low NOx removal efficiency of the solid-phase part.
Besides, the reaction products in the fresh or spent copper slag
slurry with KMnO4 were determined by IC and post-column
and UV-VIS detection technologies. The results of various ion
concentrations after reaction were displayed in Table 1. The
results showed that a part of metal ions, including Fe3+, Fe2+ ,
Al3+ , Cu2+ , and Mg2+ , were leached during the process of
desulfurization and denitrification. It has been reported that
transition metal ions can play a catalytic role in oxidation on
SIV species (Huss et al., 1982a, 1982b), which indicated that
copper slag in aqueous solution may function as a catalyst

Fig. 3 – Effects of the different parts of copper slag slurry on
NOx removal efficiency. Experimental conditions: SO2
concentration = 300 ppmv; NOx concentration = 250 ppmv;
O2 concentration = 10 vol.%; solid-liquid ratio = 1:10 g/mL,
L = 200 mL; KMnO4 mass = 1000 mg/L; solution
temperature = 45°C; stirring speed = 1000 r/min; gas flow
rate = 200 mL/min; reaction time, 2.5 hr.

(Huanosta-Gutierrez et al., 2012). Consequently, the majority
of the SO2 absorption should ascribe to the liquid catalytic oxidation ability of transition metal ions. However, the effect of
different transition metal ions leached from copper slag on
the process of desulfurization and denitrification remains unclear. Hence, the effect of different metal ions on the removal
NOx and SO2 were investigated in Section 2.2.

2.2.

Effect of single metal ions on NOx removal

During the reaction process, the metal ions were leached with
the reaction proceeding. Meanwhile, the effect of metal ions
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Table 1 – Various ion concentration in fresh or spent (reaction time = 2.5 hr) copper slag slurry.
Content (mg/L)

Fe3+

Fe2+

Al3+

Cu2+

Mg2+

NO2 −

NO3 −

SO3 2−

SO4 2−

Fresh copper slag slurry
Spent copper slag slurry

0.375
3.9

ND
27.89

ND
0.614

0.228
1.79

ND
16.62

ND
16.95

ND
2.73

ND
ND

5.11
308.12

ND: not detected.

Fig. 4 – Variations of (a) NOx removal efficiency, (b) pH, and (c) oxygen reduction potential (ORP) in the different single metal
ions solutions. Experiment conditions: SO2 concentration = 300 ppmv; NOx concentration = 250 ppmv; O2
concentration = 10 vol.%; KMnO4 concentration = 1000 mg/L; solution temperature = 45°C; stirring speed = 1000 r/min; gas
flow rate = 200 mL/min; concentration of metal salts added = 0.05 mol/L (all metal salts belonging to chlorine salts); control
group: 1000 mg/L KMnO4 solution.

on NOx removal is not clear. Hence, the effect of different transition metal ions leached from copper slag on NOx removal
was investigated. The interaction between the single metal
ion and KMnO4 for removal of SO2 and NOx were studied, and
the result is shown in Fig. 4a–c.
It can be seen from Fig. 4a that the Al3+ , Cu2+ , or Fe3+
combined with KMnO4 showed higher NOx removal efficiency. Meanwhile, the Mg2+ + KMnO4 group showed similar NOx removal efficiency compared with the group with-

out adding metal ions. Besides, the NOx removal efficiency of
Fe2+ + KMnO4 group was lower relative to the group without adding metal ions. The variations of pH value in single
metal ions can be divided into three groups (Fig. 4b): Al3+
or Cu2+ groups; Fe3+ or Fe2+ groups; and Mg2+ or the group
without adding metal ions. The trends of pH for Al3+ and
Cu2+ groups were similar and the pH maintained around 2.8.
While Fe3+ or Fe2+ groups showed lower pH value and the
pH was maintained at around 1.5-1.6. The two groups were
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Fig. 5 – Effect of (a) bimetal ions and (b) three metal ions combination on NOx removal. Experiment conditions: SO2
concentration = 300 ppmv; NOx concentration = 250 ppmv; O2 concentration = 10 vol.%; KMnO4 concentration = 1000 mg/L;
solution temperature = 45°C; stirring speed = 1000 r/min; gas flow rate = 200 mL/min; concentration of metal salts
added = 0.05 mol/L (all metal salts belonging to chlorine salts); control group: 1000 mg/L KMnO4 solution.

lower than that of Mg2+ group and the group without adding
metal ions. It can be explained that the lower pH value can
have a positive effect on NOx removal efficiency except Fe2+
group. The MnO4 − in weak acidic conditions showed higher
oxidation ability while MnO4 − in strongly acidic conditions
is not favorable for the absorption of NO due to accelerating
the decomposition of nitrous acid (Fang et al., 2013). Hence,
the NOx removal efficiency of Al3+ or Cu2+ groups is higher
than Fe3+ group. From the point of oxygen reduction potential (ORP) (Fig. 4c), the Fe2+ group of ORP was lower than that
of other groups, which indicated that the oxidative ability of
the Fe2+ group was lower than other groups owing to lower
KMnO4 concentration (Liang et al., 2014), which resulted from
the preferential reaction of the potassium permanganate with
Fe2+ ions in aqueous solution rather than with NOx . In addition, the thermodynamic calculations in Fig. S2 also proved
that MnO4 − was more easily reacted with Fe2+ rather than
NO. Besides, the Al3+ , Cu2+ , and Fe3+ groups showed higher
ORP value than that of Mg2+ and the group without adding
metal ions, which indicated that Al3+ , Cu2+ , and Fe3+ groups
showed the stronger oxidative ability, thus leading to higher
NOx removal efficiency.

2.3.

Effect of multi-metal ions on NOx removal

In order to deeply investigate the effect of different combination of metal ions on NOx removal, multi-metal ions were
added to the solution to examine the NOx removal efficiency.
As shown in Fig. 5a, the Cu2+ + Al3+ group obtained the highest NOx removal efficiency mainly because synergistic effect
by Cu2+ and Al3+ can improve oxidation capacity relative to
other groups of adding two metal ions. Other groups of adding
two metal ions except containing Fe2+ obtained a similar NOx
removal trend. In addition, the Cu2+ + Al3+ + Mg2+ group also
obtained the highest NOx removal efficiency, which further indicated that the synergistic effect by Cu2+ and Al3+ . It is note-

worthy that the Cu2+ + Al3+ + Mg2+ group obtained higher
NOx removal efficiency compared to Cu2+ + Al3+ group, which
illustrated that the Mg2+ also could promote the NOx absorption rate.

2.4.

Effect of various metal ions on SO2 conversion

Besides, it is noted that SO2 were converted in the form of
SO4 2- existing in the KMnO4 /copper converter slag slurry. It
is unambiguous to confirm that the leached metal ions in the
slurry could have the ability of liquid-phase catalytic oxidation for SO2 conversion. To confirm the liquid catalytic oxidation of metal ions for removing SO2 , the activation energy of different types of single metal ions for SO2 conversion was calculated by the Arrhenius formula used in the previous report (Nie et al., 2018), according to the equation of
SO3 2- + O2 → SO4 2− (Wang and Zhao, 2008). The calculated results are displayed in Fig. 6f. It can be seen from Fig. 6a–e, the
activation energy is calculated based on the time when dissolved oxygen is consumed to 1 mg/L in the aqueous solution.
The activation energy of the aqueous solution without adding
metal ions is used by previous data of 63.93 kJ/mol (Nie et al.,
2018). As a consequence, the addition of metal ions in aqueous
solution is calculated by above methods, and the order of activation energy from small to large is Fe3+ < Fe2+ < Cu2+ < Mg2+
< Al3+ < none of addition of metal ions. Therefore, it can be
confirmed that these metal ions could have the liquid catalytic
oxidation effect on the conversion of SO3 2− /HSO3 2− . More importantly, the Fe species (Fe2+ and Fe3+ ) compared to other
metal ions have the best catalytic ability to SO3 2− /HSO3 2− ,
which indicated that the Fe species (Fe2+ and Fe3+ ) have the
greatest promotional effect on the removal of SO2 (Huss et al.,
1982a; Sun et al., 1998). The ability of liquid catalytic oxidation of metal ions results in the production of SO4 2− without
detecting SO3 2− proved by the analysis of IC (Table 1).
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Fig. 6 – Effect of (a) Cu2+ , (b) Al3+ , (c) Mg2+ , (d) Fe3+ , (e) Fe2+ ions on the consumption rate of dissolved oxygen (DO) in the
solution and (f) calculated activation energy of liquid catalytic oxidation of different metal ions. Experimental conditions:
stirring speed = 1000 r/min; concentration of SO3 2− = 0.015 mol/L; concentration of Cu2+ or Al3+ or Mg2+ or Fe3+ or
Fe2+ = 0.004 mol/L.

2.5.
Analysis of deactivation reason in long-term
experiments
For further understanding the deactivation reason, the longterm experiment with the pH variation was carried out and

the results are shown in Fig. 7. The results showed that the
pH value varies dramatically from 9.52 to 7.13, which indicated
that the H+ produced in this process due to the absorption of
SO2 and NOx . The decrease of pH value in slurry has a great
influence on the solubility of SO2 in slurry (Nie et al., 2018)
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Fig. 7 – Variation of SO2 and NOx removal efficiencies with
pH value of slurry using KMnO4 /copper converter slag
slurry. Experimental conditions: SO2 concentration = 300
ppmv; NOx concentration = 250 ppmv; O2
concentration = 10 vol.%; solid-liquid ratio = 1:10 g/mL,
L = 200 mL; KMnO4 concentration = 1000 mg/L; solution
temperature = 45°C; stirring speed = 1000 r/min; gas flow
rate = 200 mL/min.

Fig. 8 – X-ray diffraction patterns of copper converter slag
prior and after SO2 and NOx absorption experiment for 6 hr.

while having no obvious effect on NOx removal efficiency using KMnO4 /copper converter slag slurry. Consequently, the decrease of pH value in the slurry is not the main reason why
the NOx removal efficiency of copper slag slurry drastically decreases from 59.0% to 18.4% from 0.5 to 3.0 hr (Fig. 7).
Furthermore, the fresh and spent copper converter slag
were characterized by the XRD technique for further understanding the reaction process between copper slag particles
and SO2 and NOx . Fig. 8 showed that the peak intensities
of the fayalite (2FeO•SiO2 , PDF#900-0562), magnetite (Fe3 O4 ,
PDF#075-0033), Mg3 Al2 (SiO4 )3 (PDF#083-2206), FeS (PDF#0656841), and CuFe2 O4 (PDF#9001-2439) in spent converter slag

were reduced relative to fresh copper converter slag. The decrease in these peak intensities above may suggest that the
mineral phases may react with H+ , resulting in the leaching
of Fe2+ , Fe3+ , Mg2+ , Al3+ and Cu2+ ions from the copper slag
particles according to IC results (Table 1). With the decrease
of pH value, the leached Fe2+ may prefer to react with KMnO4
rather than NOx , thus leading to the slump of NOx removal
efficiency after 2 hr of reaction time.
To further confirm the Fe2+ ions produced from solid copper slag to liquid slurry, the XPS technique has also been conducted to investigate the variation in Fe2+ /Fe3+ content of
fresh and spent copper slag samples. As a result, the Fe 2p and
Fe 3p spectra of fresh and spent copper converter slag are displayed in Fig. 9, and the ratio of Fe2+ /Fe3+ is shown in Table 3.
According to Fig. 9a, the peaks of fresh copper slag at around
709.0 and 722.6 eV are assigned to Fe 2p3/2 and Fe 2p1/2 , respectively, which is consistent with Fe2+ in the spinal structure (Graat and Somers, 1996; Yamashita and Hayes, 2008).
The binding energy located in the 714.5 eV is attributed to the
satellite peaks of Fe2+ ions. Furthermore, the peaks at about
711.0 and 724.6 eV are related to Fe 2p3/2 and Fe 2p1/2 , respectively, which is related to Fe3+ in the spinal structure, and the
binding energy at around 718.8 eV is associated with satellite
peak of Fe3+ (Hu et al., 2007; Yamashita and Hayes, 2008). As
is shown in Fig. 9b, the asymmetric peaks at around 53.7 and
55.6 eV for fresh and spent copper slags were formed, which
were used to calculate Fe2+ /Fe3+ ratio, according to the relative area of Fe 3p spectra (Yamashita and Hayes, 2008). The Fe
3p peak positions for Fe3+ and Fe2+ on the fresh samples were
observed at 55.6 and 53.7 eV, respectively. And the Fe 3p peak
positions for Fe3+ and Fe2+ on spent samples were observed
at 55.1 and 55.6 eV, respectively. And the result of the ratio
of Fe2+ /Fe3+ was calculated in Table 2. The Fe2+ /Fe3+ ratio of
fresh copper slag shows a higher value (2.59) compared to that
of spent copper slag (1.58), indicating that the decrease of the
Fe2+ on the surface of copper slag. It suggests that the Fe2+ containing substances, such as, fayalite, FeS, and magnetite
are involved in the desulfurization and denitrification process,
which leads to the leaching of Fe2+ and Fe3+ ions in aqueous
solution, consistent with previous XRD spectra and IC results.
From this point of view, the Fe2+ ions produced would react
with KMnO4 , resulting in the consumption of KMnO4 and inhibiting the denitrification rate because the concentration of
potassium permanganate is proportional to the NO absorption
rate (Pan et al., 2013).

2.6.
Reaction mechanism of simultaneous removal of SO2
and NOx in copper slag slurry
Based on the above analysis, the corresponding reaction
mechanism can be divided into three stages: (i) SO2 and NO2
partly oxidized by O2 are transferred from the gas phase to the
liquid phase and dissolved in the aqueous solution quickly,
thus producing H+ ions with/without KMnO4 . (ii) The reactions between copper converter slag and H+ ions with the
generation of metal ions. (iii) The liquid catalytic oxidation of
metal ions on SⅣ species with the generation of SO4 2− , and
the NO oxidation by KMnO4 assisted with metal ions, thus NOx
was absorbed by the alkaline substances.
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Fig. 9 – X-ray photoelectron spectroscopy (XPS) patterns of (a) Fe 2p and (b) Fe 3p from fresh and spent copper slag (after
reaction for 6 hr).

Table 2 – XPS data relating to the Fe 2p and Fe 3p spectra and their oxidation states.

Fresh copper slag
Full width at half
maximum (FWHM) (eV)
Spent copper slag
FWHM (eV)

Peak position (eV)

Peak position (eV)

Fe 3p

Fe 2p1/2

Atomic ratio
Satellite

Fe 2p3/2

Fe3+

Fe2+

55.6
2.61

53.7
2.59

724.6
2.41

722.2
3.0

719
5.29

713.5
4.24

711
3.23

709
2.89

0.278

0.722

55.1
1.68

53.7
1.89

724.5
1.478

722.5
2.3
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Fig. 10 – Reaction mechanism of removal of NOx and SO2 by
KMnO4 /copper converter slag slurry.

tion and then formed H2 SO3 , which decomposes into HSO3 − ,
SO3 2− , and HNO2 , respectively (Eqs. (1)–(3)) (Mondal, 2007;
Wang et al., 2012). Besides, the dissolution of NO2 is controlled by SO3 2− , resulting in producing SO4 2− ions according to Tang’s literature (Eqs. (4)–(6)) (Tang et al., 2010). Subsequently, a part of SⅣ species is converted to SO4 2− ions
by oxidation of KMnO4 (Eqs. (7)–(8)). Moreover, the metallic
phases on the surface of copper slag were decomposed by H+
ions (Eqs. (9)–(12)), and various metal ions were leached from
copper slag particles surface. In addition, some reducing substances would react with H+ or KMnO4 (Eqs. (13)–(16)). These
leached metal ions from copper converter slag, in turn, will
have liquid catalytic oxidation which not only promote the
conversion of SⅣ ions to SO4 2− ions through the redox cycling
of metal ions to enhance SO2 absorption (Eqs. (17)–(19)), but
also improve the denitrification efficiency through KMnO4 oxidation combined with the synergistic effect between KMnO4
and metal ions (Eqs. (20)–(21)), thus further decreasing the pH
value. The formation of neutral MgSO3 0 ion pairs also improved NO2 absorption (Eqs. (22)–(23)), thus accelerating the
NO oxidation by KMnO4 .

3.
The inferred reaction process for the removal of NOx and
SO2 were shown in Fig. 10 and Table 3. First, SO2 and NO2
partly oxidized by O2 are easily dissolved in the aqueous solu-

Conclusions

In this study, KMnO4 /copper converter slag slurry was used for
the simultaneous removal of SO2 and NOx from acid-making
tail gas. This study aimed to understand the role of copper
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Table 3 – Reaction formula of simultaneous removal of SO2 and NOx using KMnO4 /copper converter slag slurry.
Reaction Steps
(i) step

1

2

3
(ii) step

4

5

(iii) step

Reaction equations

Reaction number

SO2(g) ↔SO2(aq)
SO2(aq) + H2 O ↔ H+ + HSO3 −
HSO3 − ↔ H+ + SO3 2−
2NO2 + H2 O ↔ NO2 − + NO3 − + 2H+
2NO2 + SO3 2− + H2 O ↔ 2NO2 − + SO4 2− + 2H+
2NO2 + HSO3 2− + H2 O ↔ 2NO2 − + SO4 2− + 3H+
SO3 2− + MnO4 − + H2 O →SO4 2− +MnO4 2− + 2H+
HSO3 2− + MnO4 − + H2 O →SO4 2− +MnO4 2− + 3H+
Fe2 SiO4 + 8H+ → 2Fe2+ + 4H4 SiO4
Fe3 O4 + 8H+ →2Fe3+ + Fe2+ + 4H2 O
CuFe2 O4 + 8H+ →2Fe3+ + Cu2+ + 4H2 O
Mg3 Al2 (SiO4 )3 + 12H+ → 3Mg2+ + 2Al3+ + 3H4 SiO4
SO4 2− + 8H+ + S → SO2 ↑ + 4H2 O
3Fe2+ + MnO4 − +3OH− → 3Fe(OH)3 ↓ + MnO4 2−
Fe(OH)3 + H+ → Fe3+ + H2 O
2Fe2+ + 1/2O2 + H+ → 2Fe3+ + H2 O

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

Metal ions

6

↔
2SO2 + O2 + 2H2 O
2H2 SO4
Cu+ /Fe2+ + SO2 + O2 → 2Cu2+ /Fe3+ + SO2−
4
+
2Cu2+ /Fe3+ + SO2 + 2H2 O → 2Cu+ /Fe2+ + SO2−
4 + 4H

7

NO + MnO4 − + 2OH−

Metal ions

↔

NO2 − + MnO4 2− + H2 O

Metal ions

↔ NO3 − + 2MnO4 2− + H2 O
NO2 − + 2MnO4 − + 2OH−
0
Mg2+ + SO2−
3 → MgSO3
2+
+
MgSO03 + 2NO2 + H2 O → NO−
+ SO2−
4 + 2H
2 + Mg

converter slag in the copper slag slurry and the possible reaction process. The main findings are as follow:

(1) The removal efficiency of SO2 using copper slag slurry can
reach almost 100% through the whole reaction process. In
addition, the NOx removal efficiency can maintain 50%–
60% within 2 hr of reaction time.
(2) The metal ions which were produced in the reaction process, including Al3+ , Cu2+ , Fe3+ , Fe2+ , Mg2+ ions, have liquid catalytic oxidation for SO2 removal. Among them, Al3+ ,
Cu2+ , and Fe3+ ions can also effectively enhance the NOx
removal efficiency due to the higher ORP value in the solution. Whereas the denitrification efficiency was inhibited by Fe2+ because the Fe2+ caused a lower ORP value in
the slurry resulting from a preferential reaction between
KMnO4 and Fe2+ instead of the reaction between KMnO4
and NOx .
(3) The wet removal process through the copper converter slag
slurry combined with KMnO4 can not only realize the simultaneous removal of SO2 and NOx , but also extract valuable metals from this method in future research.
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