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a b s t r a c t
The pretreatment of flue-gas desulfurization (FGD) wastewater directly affects the subsequent 
treatment effect of water. Liquid ferrate(VI) was used for the first time in the pretreatment of FGD 
wastewater. Influential factors including ferrate(VI) dosage and dosing method were investigated by 
batch tests. The results show that when the dosage of Na2FeO4 is 1.0 g/L, the removal rate of Mg2+, 
Ca2+, SO4

2–, NH4
+ and chemical oxygen demand were 99.80%, 83.09%, 7.24%, 28.72% and 26.46%, 

respectively. The strong oxidizing property of the liquid ferrate, the alkali therein, and the co-pre-
cipitation of the product promote the removal of these substances. Morphologic and element anal-
ysis confirmed that the composition of precipitates were Fe16O16(SO4)2(OH)12·nH2O, FeO(OH), CaSO4 
and Mg(OH)2. This paper provides a demonstration and theoretical guidance for the application 
of ferrate(VI) in FGD wastewater pretreatment.
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1. Introduction

Limestone-gypsum wet flue-gas desulfurization (FGD) 
technology has been widely employed in coal-fired power 
plants (CFPPs) to control SO2 emissions [1,2]. The flue gas 
produced by burning coal mainly contains SOx, NOx, HCl, 
HF, and a small amount of heavy metals. After the flue gas is 
absorbed by the limestone aqueous solution in the desulfur-
ization tower, desulfurization wastewater is formed, which 
mainly contains suspended solids, SO3

2–, SO4
2–, S2O6

2–, S2–, F–, 
Cl–, NO3

–, NO2
–, and NH4

+ remaining from the denitrification 
process [3]. The main component of limestone is CaCO3, 
and it also contains various impurities such as MgO, Fe2O3, 
Al2O3, SiO2, and a small amount of Hg, Cd, Cr, Pb, Ni, Zn, 
Cu, Mn, etc. The pH value of FGD wastewater is about 4–6, 
which is highly corrosive and highly toxic [4,5]. Due to the 

different origins of coal and limestone in each power plant, 
the composition of flue gas and wastewater produced varies  
greatly.

FGD wastewater is discharged periodically when the 
chloride concentration is higher than 20,000 mg/L to main-
tain desulfurization rate and prevent equipment corrosion 
[6,7]. Due to severe global water scarcity and aquatic envi-
ronment pollution, zero-liquid discharge (ZLD) technology 
has received increasing attention since Chinese Government 
promulgated The Action Plan for Prevention and Treatment 
of Water Pollution in 2015 [8]. ZLD technology is a waste-
water management strategy that eliminate liquid waste 
and promote water usage efficiency. Recently, mature FGD 
wastewater ZLD technologies mainly include thermal treat-
ment (multi-effect distillation, mechanical vapor recompres-
sion, evaporative crystallization, bypass evaporation tower 
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and flue evaporation) and membrane treatment (reverse 
osmosis, electrodialysis and membrane distillation) [9–13]. 
These ZLD technologies could recover most of water and 
solid products. However, large-scale applications of these 
technologies in CFPPs are limited by equipment clogging 
or corrosion caused by high-level impurities including 
large amounts of suspended solids, heavy metal ions, (Ca2+, 
Mg2+), Cl– and SO4

2– in FGD wastewater [14–17]. Therefore, 
FGD wastewater pretreatment is a necessary process for 
ZLD technologies.

The pretreatment goal of FGD wastewater is to reduce 
chemical oxygen demand (COD) and reduce the content of 
various metal ions and non-metal ions. The traditional pre-
treatment method is mainly a three-step process, namely: 
neutralization, flocculation or precipitation reaction, and 
sedimentation [6]. Neutralization and precipitation process 
are completed by adding alkali (NaOH, Ca(OH)2 and other 
alkaline substances) and organic sulfur reagent (S2– and 
TMT-15). The former substances could improve pH and 
remove Fe3+, Cu2+, Mg2+ and other metal ions, and the latter 
substances could react with Hg2+ and Pb2+ to form metal che-
late precipitation [18]. Flocculation process aims to remove 
small particles and colloids through adding flocculants 
such as polyacrylamide and FeCl3 [19,20].

These processes still have some drawbacks, such as high 
residual Cl– and SO4

2– concentrations, low removal rate of 
NH4

+ and COD. To address these issues, many processing 
techniques have been developed. Struvite, ettringite and 
Friedel’s salt were formed during the removal of NH4

+, SO4
2– 

and Cl– from FGD wastewater [21–26]. In order to remove 
COD, oxidants such as sodium hypochlorite are often added. 
From the composition of FGD wastewater, pretreatment 
of FGD wastewater requires alkaline conditions and pre-
cipitants to remove metal ions, and an oxidant to remove 
COD. Liquid ferrate is exactly this kind of multifunctional 
water treatment agent. Ferrate(VI) is a recognized green 
oxidant with a redox potential ranging from 0.72–2.20  V 
under alkaline to acidic conditions [27,28]. Numerous stud-
ies have shown that ferrate can degrade organic pollutants 
[29–31] and kill viruses and bacteria [32,33]. The decom-
position product Fe(OH)3 of ferrate(VI) has the functions 
of flocculation and co-precipitation. Therefore, ferrate can 
also remove metal ions in water [34,35]. Liquid ferrate(VI) 
was self-made by electrolysis [36–38]. This product mainly 
contains high concentration of sodium hydroxide and fer-
rate(VI), which is just the right substitute of alkali, oxidant 
and precipitant for FGD wastewater pretreatment.

In this paper, the first attempt was made to treat FGD 
wastewater with liquid ferrate. Influential factors including 

ferrate(VI) dosage and dosing method were investigated by 
batch tests. Surface morphology of products were detected 
by scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD) coupled with VMinteq software which was 
used to calculate the precipitates at various pH values. The 
main objective of this study is to provide a demonstration 
and theoretical guidance for the application of ferrate(VI) 
in FGD wastewater pretreatment.

2. Materials and methods

2.1. Materials

FGD wastewater was collected from the third thermal 
power located in Changchun City, Jilin Province, P.R. China. 
The characteristics of the raw FGD wastewater are listed in 
Table 1. Liquid ferrate is a self-made product with a con-
centration between 0.08–0.16  mol/L. The liquid ferrate was 
prepared by electrolysis. The electrode used was sponge iron 
and electrolyte was sodium hydroxide. The cathode cham-
ber and the anode chamber are separated by a diaphragm 
[28]. Different concentrations of liquid ferrate products 
were obtained with different duration of electrolysis. All 
the reagents used were analytical grade and provided by 
Sinopharm Chemical Reagent Co., Ltd., China.

2.2. Batch tests

Batch tests of FGD wastewater treatment were conducted 
employing a six-league electric blender (JBY 2, China) at 
room temperature 20°C~25°C. Ferrate(VI) was added into 
500  mL of this wastewater under continuous stirring at 
a fast speed of 800  rpm for 1 min to ensure intensive mix-
ing and then at a slow speed of 100  rpm for 15  min. The 
mixed liquor was settled for 12 h, and the supernatant were 
sampled for chemical analysis [36].

2.2.1. Effects of ferrate(VI) dosage

Five dosages (0.4, 0.6, 0.8, 1.0 and 1.2 g/L) were chosen to 
investigate ferrate(VI) dosage effects on the removal of Mg2+, 
Ca2+, SO4

2–, NH4
+ and COD. Five NaOH dosages (4, 6, 8, 10 

and 12 g/L) were chosen to investigate NaOH dosage effects 
on the removal of Mg2+, Ca2+, SO4

2–, NH4
+ and COD.

2.2.2. Combined effect of ferrate concentration and alkalinity

To study the combined effect of ferrate and sodium 
hydroxide, ferrates were prepared at concentrations of 0.08, 
0.10, 0.12, 0.14 and 0.16  mol/L, which contained varying 

Table 1
Characteristics of flue-gas desulfurization wastewater

Properties Concentration Properties Concentration

Ca2+ 1,111.68 mg/L Turbidity 7.06 NTU
Mg2+ 2,182.32 mg/L pH 7.14
Hardness 100.32 mmol/L Conductivity 33.5 mS/cm
NH4

+ 4,784.42 mg/L Cl– 7,148.24 mg/L
Chemical oxygen demand 784.32 mg/L SO4

2– 15,084.46 mg/L
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concentrations of sodium hydroxide. Generally, the longer 
the production time, the higher the ferrate concentration 
and the lower the sodium hydroxide concentration left in it. 
The NaOH concentration therein was determined by acid–
base titration [5]. Treatment agents containing the same 
dose of ferrate but different amounts of sodium hydroxide 
were formulated from the above ferrate products.

2.3. Analysis methods

The pH and conductivity were measured by a pH meter 
(FE20, Mettler Toledo, China) and conductivity meter (DDS-
307A, Leici, China). The colorimetric method was adopted 
for monitoring the NH4

+, SO4
2–, Ca2+ and Mg2+ concentrations 

[14]. Morphology and elemental composition of precipitates 
were observed by SEM (Hitachi SU8010, Japan) coupled 
with energy-dispersion spectroscopy. Composition of pre-
cipitates was analyzed using X-ray diffractometer (XRD) 
(40 kV, 40 mA, step size 0.1°, Rigaku Ultima IV, Japan), and 
the diffractograms of XRD were evaluated by Jade 6.

3. Results and discussion

3.1. Thermodynamic analysis

Fig. 1 illustrates the species calculated through VMinteq 
software at simulated FGD wastewater. Fig. 1a shows the 
effects of pH on precipitation from Mg2+-Ca2+-SO4

2–-H2O sys-
tem containing 0.1 mol/L Mg2+, 0.03 mol/L Ca2+ and 0.15 mol/L 
SO4

2– in various pH solutions. The mainly species were MgSO4 
(aq), CaSO4 (aq), Mg(OH)+, Ca(OH)+, Mg(OH)2 and Ca(OH)2. 
The proportion of SO4

2–, MgSO4 (aq) and CaSO4 (aq) in raw 
FGD wastewater were 41.52%, 31.70% and 10.66%, respec-
tively. The concentration of Mg2+ and MgSO4 (aq) reduced 
when the pH value was greater than 9.5 which corresponds 
to the formation of Mg(OH)2. The concentration of Mg(OH)+ 
and Ca(OH)+ increased sharply when the pH value were 
higher than 8.5 and 10.5, respectively. Meanwhile, large 
amount of Ca(OH)2 were formed at pH 13.0 resulting the 

reduction of Ca2+ and CaSO4 (aq). As shown in Fig. 1b, the 
effects of pH on precipitation at Mg2+-Ca2+-SO4

2–-NH4
+-H2O 

system containing 0.18  mol/L NH4
+. The proportion of NH4

+ 
gradually decreased when pH value higher than 7.5. On 
the contrary, more and more NH3 (aq) were formed from 
pH 5.0. In addition, the concentration of Ca2+ was seriously 
affected by NH4

+, which formed Ca(NH3)2
2+ and Ca(NH3)2+.

3.2. Effects of ferrate(VI) dosage

Fig. 2 illustrates the effects of ferrate(VI) dosage on pH 
value and the removal rate of Ca2+ and Mg2+. The pH value 
slowly increased when the dosage is lower than 0.8  g/L, 
then sharply increased to 13.1. The residual concentration 
of Ca2+ and Mg2+ decreased with the increase of pH value. 
The results of theoretical calculation deduced that Mg(OH)2 
precipitates were formed when the pH value is greater than 
9.5. The largest negative zeta potential was attained at pH 

Fig. 1. Effects of pH on speciation in simulated flue-gas desulfurization wastewater. (a) Mg2+-Ca2+-SO4
2–-H2O system and 

(b) Mg2+-Ca2+-SO4
2–-NH4

+-H2O system.

Fig. 2. Influences of ferrate(VI) dosage on pH, Ca2+ and Mg2+.
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11.5 [39]. The removal rate of Ca2+ and Mg2+ were 89.11% 
and 99.35%, respectively. However, the concentration of 
Ca2+ remained basically at 3.02 mmol/L which indicated that 
the dominant phase of precipitate was Mg(OH)2. When the 
dosage is larger than 1.0 g/L, the residual concentration of 
Mg2+ in the solution was almost zero and the residual OH– 
was retained in the solution which greatly increased the 
pH value. This result indicated that a high removal rate of 
Ca2+ and Mg2+ was achieved when the ferrate dosage was 
1.0 g/L and pH was 12.6.

Fig. 3 shows the removal rate of SO4
2–, NH4

+ and COD with 
ferrate(VI) dosage. The removal rate of SO4

2– increased with the 
increasing dosage. When the dosage was 1.2 g/L, the removal 
rate of SO4

2– was 8.26% and the corresponding decreased 
concentration of SO4

2– was 1,245.58 mg/L which was due to 
the formation of schwertmannite (Fe16O16(SO4)2(OH)12·nH2O) 
and calcium sulfate. As the dosage of ferrate(VI) increased 
from 0.4 to 1.2 g/L, the removal rate of NH4

+ increased from 
15.06% to 31.92%, and the removal rate of COD increased 
from 6.71% to 31.41%. The corresponding pH increased 
from 9.6 to 13.1, as shown in Fig. 2. NH4

+ in FGD wastewater 
comes from the denitrification process in CFPPs. In order to 
improve the effect of nitrogen removal, excessive ammonia 
was added [21]. A large amount of NH4

+ reacted with OH– to 
form ammonia and then escaped from the solution. This is 
consistent with thermodynamic analysis. COD in the FGD 
wastewater could be removed by oxidation because of the 
composition of COD were thiosulfate, sulfite and rhodanate 
[20]. The more ferrate(VI) dosage added, the more reduc-
ing substances could be oxidized.

Alkali plays an important role in removing metal ions 
and ammonia, so the effect of NaOH concentration in the 
absence of ferrate was investigated. The amount of NaOH 
added is consistent with the amount of residual alkali in 
the ferrate(VI) treatment. Fig. 4 illustrates the variations of 
Mg2+, Ca2+, SO4

2–, NH4
+ and COD removal rate with differ-

ent NaOH dosage. All curves show an increasing tendency 
with enhancing NaOH dosage. The removal rate of Mg2+ 
increased from 12.49% to 100% when the dosage gradually 
increased to 12  g/L. The removal rate of Mg2+ was similar 

in ferrate treatment and alkali treatment. The Ca2+ removal 
rate of alkali treatment was 80.32% which was lower than 
ferrate treatment. However, the removal rates of SO4

2– and 
COD did not change significantly with NaOH dosage in 
alkali treatment. The removal rates of SO4

2– and COD were 
only 3.21% and 4.91% when the NaOH dosage was 12 g/L. 
The COD removal rate of ferrate treatment was 26.46% which 
was three times higher than that of alkali treatment. This is 
mainly because ferrate(VI) has high oxidation ability and 
can remove COD. The removal rate of NH4

+ increased from 
6.31% to 40.21%. It was shown that NaOH solution was more 
conducive to the formation of ammonia. In addition, fer-
rate(VI) has flocculation properties equivalent to the addition 
of coagulants, resulting in faster and denser precipitation.

3.3. Combined effect of ferrate concentration and alkalinity

It can be seen from the above experimental results that 
the concentration of ferrate(VI) and the concentration of 
NaOH are both important factors affecting the treatment 
effect. Therefore, it is necessary to investigate the effects 
of different amount of OH– on the removal rates of Mg2+, 
Ca2+ and SO4

2– under the same ferrate dosage. Ferrates 
were prepared at concentrations of 0.08, 0.10, 0.12, 0.14 
and 0.16  mol/L, which contained varying concentrations 
of sodium hydroxide. Generally, the longer the production 
time, the higher the ferrate concentration and the lower 
the sodium hydroxide concentration left in it.

As shown in Fig. 5, when the dosage of ferrate is 1.0 g/L, 
with the decrease of pH value, the removal rate of SO4

2– grad-
ually increases, while the removal rate of Ca2+ and Mg2+ 
gradually decreases. The formation of metal ion hydroly-
sis precipitates is closely related to the OH– concentration, 
which is mainly reflected in the pH value of the solution. 
When the alkalinity of the solution decreases, the oxidizing 
ability of ferrate increases, so more sulfite is oxidized to sul-
fate. While sulfate is removed under neutral or weakly acidic 
conditions due to the easy formation of schwertmannite 

Fig. 3. Influences of ferrate(VI) dosage on SO4
2–, NH4

+ and 
chemical oxygen demand.

Fig. 4. Influences of NaOH dosage on Mg2+, Ca2+, SO4
2–, NH4

+ 
and chemical oxygen demand.
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precipitation. Therefore, the lower the alkalinity, the more 
favorable it is to remove sulfate.

Fig. 6 illustrates the effects of ferrate(VI) concentration 
on the removal rate of NH4

+ and COD. As shown in Fig. 6a, 
under the condition of fixed ferrate(VI) concentration, the 
NH4

+ removal rate increased gradually with the increase of 
pH value. These results were consistent with Cheng et al. 
[14], who reported that NH4

+ removal rate was related to the 
solution pH value. The same dose of treatment agent pre-
pared with high-concentration ferrate products contains a 
lower concentration of sodium hydroxide, so the removal 
rate of ammonia is also lower. The variation of COD removal 
rate is opposite to NH4

+. The higher the acidity, the higher 
the redox potential of ferrate and the stronger the oxidiz-
ing ability. As shown in Fig. 6b, the same dose of treatment 
agent prepared from high-concentration ferrate products 
contains a lower concentration of sodium hydroxide, so the 
removal rate of COD is higher.

3.4. Effects of dosing way

Since a large amount of precipitation was generated 
when ferrate(VI) was added, the effect of adding it in parts 
was examined. Models 1, 2 and 3 were performed by add-
ing the same amount of ferrate(VI) to 1  L of FGD waste-
water in ten, five and two times, respectively. After each 
addition of ferrate(VI), remove the precipitate and re-dos-
ing. The concentration of raw material ferrate(VI) used is 
0.1 mol/L. The results are shown in Fig. 7.

The higher pH value was achieved by Mode 1 which 
have more batch times of dosing process. However, the 
removal rate of hardness ions were different as shown in 
Fig. 7b. The removal rate of hardness ions was less than 46% 
when ferrate(VI) dosage was below 0.6  g/L and the corre-
sponding pH value was only around 10. When the dosage 
was higher than 0.8 g/L, the removal rate of hardness ions 
sharply increased to 98%. Large amount of white precipi-
tate was found indicating that Mg(OH)2 precipitate was 
formed at this stage.

Fig. 7c illustrates the variation of SO4
2– removal rate at 

different dosing ways. All three dosing modes proved that 
increasing ferrate(VI) dosage could increase the removal rate 
of SO4

2–. Under the condition of ferrate concentration of 1.0 g/L, 
the SO4

2– removal rate in Modes 1, 2 and 3 was 13.43%, 7.18% 
and 5.52%, respectively. This is because the amount of NaOH 
introduced each time is less when it is added in multiple times. 
Under the condition of low alkalinity, the ferrate(VI) has a 
stronger oxidation ability, and it is easier to form the precip-
itate of the schwertmannite containing sulfate. As shown 
in Fig. 7d, NH4

+ removal rate of Mode 1 rapidly increased to 
69.15% at ferrate(VI) dosage 1.0  g/L which was higher than 
that in Sections 3.2 – Effects of ferrate(VI) dosage and 3.3 
– Combined effect of ferrate concentration and alkalinity. 
It was because Mode 1 could make more efficient utilization 
of residual alkali in ferrate(VI) solution. In addition, filtra-
tion was employed to separate the precipitate and solution 
during the test, which makes more contact with air and more 
volatile. This method could improve removal rate of NH4

+ [14].
Fig. 5. Effects of different pH values on the removal rates of 
Mg2+, Ca2+ and SO4

2– under the same ferrate dosage.

Fig. 6. Influences of ferrate(VI) concentration on the removal rate of NH4
+ (a) and chemical oxygen demand (b).
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Fig. 7. Influences of dosing ways on pH and removal rate of hardness ions, SO4
2– and NH4

+.

Fig. 8. X-ray diffraction patterns and scanning electron microscopy images of precipitates obtained from Mode 1. (a) X-ray dif-
fraction patterns (α-Fe16O16(SO4)2(OH)12·nH2O, β-FeO(OH), γ-Mg(OH)2, η-CaSO4), scanning electron microscopy image of (b) stage 2, 
(c) stage 4, and (d) stage 6.
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3.5. Morphology and element analysis of precipitates

XRD, SEM and energy-dispersive X-ray spectroscopy 
(EDS) analyses were conducted to analyze the composi-
tion of precipitates obtained from Mode 1. As shown in 
Fig. 8a, XRD pattern of precipitates reveals the main peaks 
at d  =  4.86, 3.39 and 2.55 Å of schwertmannite, at d  =  7.41, 
5.24 and 2.54 Å of FeO(OH), at d = 7.63, 4.28, 3.06 and 2.87 Å 
of CaSO4 and at d  = 4.35, 2.63, 2.25 and 1.52 Å of Mg(OH)2 
in stage 2 [23]. XRD results illustrated that peak intensi-
ties of Mg(OH)2 increased with adding more ferrate(VI), 
which led to the increase of pH value in the solution and 
enhanced the proportion of Mg(OH)2 in the precipitate. 
SEM image in Fig. 8b showed that the crystal morphology 
of precipitate from stage 2 was spherical shape, which was 
consistent with the morphological characteristics of schwert-
mannite [40]. Fig. 8a and Table 2 show that iron and mag-
nesium were observed with increasing ferrate(VI) dosage, 
indicating FeO(OH) and Mg(OH)2 were formed in stage 4.

XRD pattern of precipitates from stage 6 reveals the 
three main peaks of Mg(OH)2 located at d  =  2.63, 2.37 and 
1.52 Å. This proved that Mg2+ was removed as lamella-like 
Mg(OH)2 precipitates (Fig. 8d) in stage 6. The EDS analy-
sis (Table 2) provided further proof that large amount of 
magnesium was detected in the precipitates.

4. Conclusions

Batch results showed that Ca2+, Mg2+, SO4
2–, NH4

+ and COD 
were efficiently removed from FGD wastewater by adding 
ferrate(VI). The COD removal rate could be increased by 
enhancing ferrate(VI) concentration, while the other pol-
lutants would be reduced. The removal rate of Mg2+, Ca2+, 
SO4

2–, NH4
+ and COD were 99.80%, 83.09%, 7.24%, 28.72% 

and 26.46% at optimized ferrate(VI) dosage 1.0  g/L. The 
batch dosing could improve the utilization of ferrate(VI) 
effectively. Morphologic and element analysis confirmed 
that the composition of precipitates were schwertmannite, 
FeO(OH), CaSO4 and Mg(OH)2. Ferrate(VI) treatment was 
a technically and economically feasible way for FGD waste-
water pretreatment in CFPPs.
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