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ABSTRACT  

A major problem in the active treatment of acid mine drainage (AMD) is the generation of 

large volumes of sludge through pH neutralization, oxidation of iron (II) and subsequent metal 

precipitation. The sludge settling rate, sludge volume index (SVI) and sedimentation process 

are ones of parameters identifying a good treatment of AMD. Sodium ferrate (VI) (Na2FeO4) 

is one reagent currently used to treat water due to its quick reaction rate, easy implementation 

and relatively low chemical and operational costs. However, very limited information is 

available in the literature related to the detailed characterization and dewaterability of 

Na2FeO4-treated AMD sludge. This study aimed at characterizing and monitoring settling rate 

and densification process of synthetic AMD sludge after treatment with Na2FeO4. The results 

confirmed a complete removal of iron from the synthetic AMD due to high oxidation strength 

of ferrate (VI) in acidic medium (Eᵒ = 2.2V) and showed the presence of different minerals 

formed in the sludge after treatment. The concentrations of the sludge collected at different 

intervals were justified by the densification process and high density of the sludge was obtained 

after 25 minutes while high weight percent of iron was found at 10 min and Fe and O dominated 

other elements in the sludge. The study demonstrated very good settling properties of the sludge 

and the low SVI value ranging between 30 and 60 mL/g TSS. 
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Acidic wastewater rich in sulphur is a by-product of galvanic processing and the cleaning of 

flue gases at the power plants (Johnson, 2000). However, the major producer of such 

wastewater runoff is the mining industry. Such effluents naturally cause a threat to the 

environment due to high concentrations of toxic and trace metals. The main cause is the 

constant oxidation of iron in pyrite ore as well as in the other sulphide minerals resulting from 

their exposure to the oxygenated water during mining and processing of coals and precious 

metals (Johnson, 2003). Two remediation methods are known for this type of water normally 

called acid mine drainage (AMD). These include abiotic and biological technologies. Each 

system comprises two processes, namely, active and passive treatments. The active treatment 

method uses energy during the process of air pumping through the AMD and lime addition 

rendering it to be expensive while passive treatment is a new technology working without the 

requirement of mechanical equipment, electrical power, hazardous chemicals, or buildings, 

daily maintenance and operation. They are also more aesthetic and natural in their appearance 

and may support wildlife and plants. They involve using anoxic limestone and sulphate-

reducing bacteria or both to precipitate metals and neutralize acidity. These systems are 

sometimes described as bioreactors or wetlands. All these advantages make it less expensive 

compared to active treatment method has been chosen by the Bureau of Land Management 

(Ford, 2003). In this study, a new active treatment process was used to remove metals such as 

Iron and to neutralize the acidity of AMD using in-situ liquid sodium ferrate (VI) without using 

energy during the oxidation process and lime to neutralize the acidity. Oxidizing reagents such 

as ozone, free radicals, chromate and permanganate salts have also been used to remove it from 

wastewater and mine water as ferric hydroxide through precipitation process. Biologically, 

compost bioreactors, packed bed-iron oxidation bioreactors and permeable reactive barriers are 

frequently used to remove metals from AMD as passive systems (Johnson, & Hallberg, 2005; 

Bailey, 2018). However, different studies have been conducted to remove or recover heavy 

metals such as Fe from water using passive and active methods, but no research was conducted 

to evaluate the settleability, quantity and composition of the sludge formed during its oxidation 

(Seo et al., 2017; Samal et al., 2020). In this regard, a vertical flow reactor (VFR) technique 

i.e., measuring cylinder in this study, which works under aerobic conditions to oxidize Fe2+ 

from wastewater and water has been proposed to be applied for monitoring the sludge settling 

rate during its oxidation by sodium ferrate (VI). The removal of Fe2+ in the earlier VFR systems 

was performed by precipitation of Fe (III) minerals, heterogeneous oxidation of Fe2+ by ferrate 

(VI) ions and filtration of ferric hydroxides that are produced in the water column (Florence et 

al., 2016). The effectiveness of sludge settling depends on many factors, for instance, 
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hydrodynamics and settling behavior of the sludge. This settling behavior depends on the 

flocculation tendency of suspended solids and sludge concentration throughout the system 

(Erdincler, &Vesilind, 2003). Accordingly, four classes during settling can be illustrated 

including the discrete settling regime, discrete flocculent settling, hindered settling, and 

compression phase (Ekama et al., 1997, Mazdeh, 2014). This paper aims at exploring the 

removal of Fe2+ by sodium ferrate (VI) as an eco-friendly emerging water treatment oxidant 

without filtration, studying and characterizing the sludge settling rate formed in a VFR system 

at a low pH value.  

 

2 MATERIALS AND METHODS  

2.1 Reagents  

Potassium ferrate (VI) (>96%) was purchased from America Elements (USA) while other salts 

used to prepare a synthetic AMD solution were purchased from Sigma-Aldrich, UK.  

2.2 Preparation of synthetic AMD solution  

A 1 L of synthetic AMD solution containing Al, Fe, Mn, Zn, Ni and Mg was prepared using 

ultrapure water. The pH of the synthetic AMD solution was maintained at 3 using 2M H2SO4 

to prevent immediate precipitation of ferric hydroxide (Munyengabe et al., 2020).  

2.3 Preparation of sodium ferrate (VI)  

A wet oxidation method was used to produce liquid sodium ferrate (VI) using liquid sodium 

hypochlorite (15%), sodium hydroxide (43%) and ferric chloride (43%) in the ratio of 10:5:1 

v/v (Munyengabe, & Zvinowanda, 2019). An overall Equation 1 of formation of Na2FeO4 that 

was first described by Thompson et al. (1951) has been taken into consideration in this work.  

 

3NaOCl(aq) + 10NaOH(aq) +2FeCl3(aq) →2Na2FeO4(aq)+9NaCl(aq) + 5H2O(l)                                       (1)  

The working calibration curve ranging from 0 to 50 mg/L was prepared using potassium ferrate 

(FeO4
2-) (VI) as a standard. The concentration of liquid Na2FeO4 was further determined using 

UV-Vis spectrophotometer, Cary 60 (λmax = 510 nm for FeO4
2-) (Munyengabe, & Zvinowanda, 

2019).  

2.4 Optimum conditions  
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Operating optimum conditions for oxidation of Fe2+ including the effect of volumes of Fe2+ 

solution and ferrate (VI), contact time, pH, and initial concentrations of ferrate are presented 

in Table 1 (Munyengabe et al., 2020).  

Table 1: Optimum conditions 

5.3 ANALYTICAL METHODS 

3.1 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis  

The concentrations of metals were determined using ICP-OES (iCap 6500 Duo, Thermo 

Scientific, UK) before and after oxidation process to check if ferrate (VI) ions could reduce or 

completely remove them from synthetic AMD. The main target elements to be removed in this 

study were Fe, Mn and Zn. Iron was selected during AMD treatment as it is the main element 

causing the acidity in this type of water during its oxidation while Mn and Zn are barely 

removed from the water at pH less than 9.5. Before oxidation process, synthetic AMD (ca. 400 

mg Fe2+/L) was diluted to 100 times by taking 1mL of the sample into 99 mL of deionized 

water and filtered at 0.22 µm. The calibration curve ranging from 0 to 7.5 mg/L for all metals 

was prepared using a multielement standard solution. Treated synthetic AMD was first 

centrifuged and the supernatant liquid was filtered using the same size of filters. All samples 

were run in triplicate on ICP-OES.  

3.2 UV-Vis spectroscopic analysis 

Concentrations of Fe2+ in synthetic AMD during oxidation with ferrate using UV-Vis 

spectroscopy. However, the results showed that Fe2+ can be oxidized by ferrate ions at the 

oxidation rate of 99.95% in 30 min at pH=3. Both the concentrations of Fe2+ (complexed with 

1, 10-phenanthroline) and ferrate (VI) solution were determined using UV-Vis 

spectrophotometer.  

Time 

(min) 

pH [FO4
2-] 

(mmol/L) 

Volume of Fe2+ 

solution 

(mL) 

Volume of ferrate solution 

(mL) 

 

30 

 

3.0 

 

5.0x10-2 

 

15 

 

5 
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3.3 Total suspended solids  

The concentrations of total suspended solids (TSS) or sludge were measured after oxidation 

and precipitation processes of metals in a synthetic AMD by filtering water sample through 

cellulose filter papers and dried at ambient temperature to avoid heat degradation. The sludge 

was kept inside the desiccator for further analysis. 

3.4 Sludge volume index (SVI)  

Two parameters commonly used to quantify the settling of the sludge are the zone settling rate 

and the sludge volume index (SVI). The SVI is the volume occupied by 1g of sludge after 30 

min of settling in a 1000 mL unstirred cylinder. Many researchers recognize SVI as the best 

parameter characterizing the sludge settling properties. The SVI is also a good indicator of 

sludge bulking. Practically, the SVI can vary from 30 to 400 mL/g where 30 mL/g indicates a 

sample with very good settleability and 400 mL/g a sample with poor settling properties 

(Janczukowicz et al., 2001). In other words, if the SVI is less than 60 the sludge is settling too 

fast and if above 150 the sludge is bulking. It was obtained by dividing the settled volume of 

sludge (SV30 in mL/L) with the concentration of sludge or TSS (g/L). The volume of the sludge 

after 30 min of settling was used to calculate the SVI value using the Equation 2 where MLSS 

is the concentration of the sludge, or the mixed liquor suspended solids:  

 

SVI (mL/mg) = settled sludge volume (mL/L)/MLSS (mg/L)                                                              (2) 

3.5 Chemical analysis of the sludge  

Dried sludge samples were taken from the desiccator and subjected to Fourier Transform-

Infrared (FT-IR), X-Ray Diffraction (XRD) and SEM-EDS to determine the crystallinity of the 

precipitates, density and the chemical composition or mineralogy of the sludge, respectively.  

4 RESULTS AND DISCUSSIONS   

4.1. Oxidation rate of ferrous ions in synthetic AMD 

The oxidation rate of ferrous ions in synthetic AMD was calculated by dividing its final 

concentration (0.02 mg/L) with the initial concentration (400.00 mg/L) obtained using UV-Vis 

spectroscopy and multiplied by 100. However, the oxidation rate of ferrous ions in synthetic 

AMD was found to be 99.95%.  
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4.2 ICP-OES results  

Table 2: Initial and residual concentrations of metals  

 

Besides complete removal of Fe2+, these results showed that our targeted metals especially Mn 

and Zn also can be reduced or completely removed by this emerging oxidizing and coagulating 

agent from the synthetic AMD as the resulting pH was greater than 9. The results also 

confirmed the complete removal of Fe2+ through oxidation process from synthetic AMD as 

shown with the UV-Vis spectroscopic results. In this regard, ferrate (VI) confirmed to be a 

promising oxidant, flocculent and coagulant and no harmful by-products are formed in its self-

decomposition to Fe (III) hydroxides and oxides.  

4.3 Sludge settling rate and interpretation of the batch settling curve  

According to Figure 1, the sludge settling rate was very high in 30 minutes and a small 

increment was observed after 5 hours with intense clarification of the supernatant liquid. This 

kind of settleability of the formed sludge from the oxidation of ferrous ions and self-

decomposition of the liquid ferrate into ferric hydroxides confirms the coagulating activity of 

this oxidant during AMD treatment at low pH values. 

Metal ions Initial concentration 

 (mg/L) 

Final concentration  

(mg/L) 

Fe(II) 400.00 0.0 

Cu(II) 0.90 0.0 

Ni(II) 0.20 0.0 

Al(III) 40.50 0.0 

Mg(II) 36.8 0.0 

Mn(II) 0.8 0.0 

Zn(II) 11.5 0.1 
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Figure 1: Time sequence images of the sludge settling rate in an unstirred measuring cylinder 

By using a ruler, the initial length of the liquid in the measuring cylinder (25 mL) was deduced 

and found to be 9.70 cm (0.097 m) and sequence lengths are also provided in Table 3.  

 

Table 3: Summary of the results from sludge settlement 

Sequences Time 

(hour) 

Distance 

(m) 

Velocity 

(m/h) 

1 0 0.097 0 

2 0.03 0.097 3.23 

3 0.03 0.021 0.70 

4 0.01 0.014 1.45 

5 0.01 0.015 1.50 

6 0.06 0.009 0.15 

7 0.06 0.008 0.13 

8 0.30 0.005 0.02 

9 4.88 0.006 0.00 

 

From Table 3, the initial rapid linear settling behavior slowed quickly and stabilized after 4.88 

hours. Mean settling velocity of 1.02 m/h was then recorded within the first 30 min of the 

sludge settling test and the settling zones are presented in Figure 2.  
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Figure 2: Sludge blanket height (m) vs time (min) indicating four phases (Rushton et al., 2008) 

During sludge settling process, four phases are subsequently expected to happen on every batch 

settling graph and each phase normally shows the variation in the settling behavior at the 

suspension-liquid interface (Torfs et al., 2016). However, Figure 2 indicates that in the first 

four (1, 2, 3 and 4) sequences (see Table 5.4), the sludge settling velocity was increasing 

(considered as a log phase) and started decreasing after in the next 5, 6 and 7 sequences (zone 

settling, transition and compression phases) and became stable after 5 hours (Rushton et al., 

2008). As the oxidation takes place, the sludge settling velocity increases due to the production 

of ferric ions and decreases during the coagulation process.  

5 QUANTIFICATIONS OF THE SYNTHETIC AMD SLUDGE 

5.1 Suspended solids (SS) concentration  

Masses of the produced sludge, volume of synthetic AMD solution, and calculated 

concentration of total SS are all presented in Table 4.  

Table 4: Summary of mass, volume and concentration of synthetic AMD sludge  

Time 

(min) 

Mass of the sludge 

(g) 

Volume of synthetic AMD 

(L) 

Concentration 

(g/L TSS) 

5 0.0452 0.025 1.81 

10 0.2386 0.025 9.54 

15 0.1495 0.025 5.98 

20 0.1122 0.025 4.50 

25 0.3033 0.025 12.13 
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30 0.1835 0.025 7.34 

 

The concentrations of suspended solids (SS) of synthetic AMD sludge ranged between 1.80 

and 12.13 g/L. Similar range concentrations of SS of different sludges generated from treatment 

of AMD have been found in the literature (Janczukowicz et al., 2001; Uchiyama et al., 2007). 

According to the settling behavior of a suspension process, Figure 3 generated from Table 5, 

can be divided into three main sedimentation or flocculation parts. The first part is between 5 

and 10 min, the second part is between 15 and 20 min and the last part is between 25 and 30 

min. 
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Figure 3: Concentration of the sludge vs time  

The first part of Figure 3 combines two phases including discrete non-flocculent settling or 

Class A and discrete flocculent settling or Class B (5-10 min). The second part comprises the 

hindered settling or zone settling or Class C (15-20 min) while the third part indicates the 

compressive settling or Class D (25-30 min). In brief, at first two classes A and B (low 

concentrations), the particles are scattered and there is no physical contact between them. 

Characteristically, the concentration is too diluted to further influence the settling behavior of 

particles. Though each particle can settle at its distinctive terminal velocity, and this depends 

on individual particle properties including porosity, shape, density, and size. If dilute particles 

do not show any tendency to flocculate, thus, this regime is referred to as discrete non-

flocculent settling (Class A) (Ekama et al., 1997). Through successive processes of cohesion 

and collision, larger particles are formed causing their settling rate to change over time and, 

however, this regime is ascribed as discrete flocculent settling (Class B) where the formed 

particles still settle at their characteristic terminal rate. Classes A and B undergo principally 
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the same settling dynamics. The difference only lies in the fact that for class B, extra 

flocculation process occurs concurrently with the settling process, which modifies the 

individual properties of particles and accordingly their terminal settling rate. The transition 

from class B to C occurs if the suspended solid concentrations in the container exceed threshold 

concentrations where the particles are no longer settling separately from one another. For 

secondary sludge, the transition characteristically occurs at concentrations between 0.60 and 

0.70 g/L while for granular sludge the threshold concentrations can go up to 1.60-5.50 g/L 

depending on the granulation state (Mancell-Egala, Kinnear, Murthy, & Jones, 2012). Above 

this range, each particle is hindered by the other particles and the inter-particle forces are 

adequately strong to drag each particle along at the same rate, regardless of the density and 

size. In other words, the particles settle together as a zone, and consequently, this regime is 

called zone settling in which a distinct interface between the subsiding particles and the clear 

supernatant is formed. When suspended solid concentration further increases above a critical 

concentration ranging between 5 and 10 g/L), the settling behavior changes to compressive 

settling or Class D. The exact transition concentration depends once more on the flocculation 

state of the particles (De Clercq et al., 2008). At these higher concentrations, the suspended 

solids come into physical contact with one another and are subject to compaction due to the 

weight of overlying particles and the settling rate will be much lower than in class C regime.  

5.2 Sludge volume index (SVI)  

In this study, the settled sludge volume was approximately 6.30 mL/25 mL from Figure 1, 

which was taken up to 1000 mL (normal size of measuring cylinder for SVI studies), which 

has become around 252 mL/L. By applying the formula of SVI, the value of SVI obtained was 

then 34.33 mL/g in 30 min (SVI30). This SVI indicated a sludge with good settling properties 

according to its variation range. The study exposed very good settling properties of the sludge 

and the low SVI value ranging between 30 and 60 mL/g TSS was responsible for intensive and 

quick sedimentation, which has shortened the settle phase to less than 60 min. In conclusion 

from Figure 1 and the results obtained in this study, the formation of the sludge was highly 

characterized by high sludge settling velocity, low settling sludge volume and the relatively 

high settled solid concentration.  
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6 CHARACTERIZATION OF THE SLUDGE  

6.1 FT-IR spectroscopic method 

Figure 4 shows different transmittances and absorptions of sludge collected over time (5, 10, 

15, 20, 25, and 30 min). The transmittances of sludge observed after 5 min (blue line) were 

higher than other sludge densities. This indicates that this sludge is less dense while the sludge 

collected after 10 (pink line) and 25 min (black line) were denser than others. This highly 

correlates with their calculated concentrations provided in Table 5 and Figure 4, which goes 

together with the settling behavior of a suspension process. Different sludge produced and 

collected at different times with an interval of 5 min, were analyzed using FT-IR instrument to 

determine their densities and concentrations. The peaks of different functional groups of 

minerals formed during settlement and flocculation are shown in Figure 4.  
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Figure 4: Different spectra of sludge collected after 5, 10, 15, 20, 25, and 30 min  

The FT-IR spectra confirm the formation and presence of different minerals in the sludge 

produced during the experiment. The valuable peaks are 432.18 cm-1 could be attributed to the 

doubly degenerate ν2 SO4
2- bending mode (Frost, Xi, & Scholz, 2013; Flores et al., 2019). The 

peaks found at 554.82 cm-1 are attributable to the metal oxides such as Fe-O (iron oxide 

minerals), the peaks 1025.73 cm-1 corresponds to ν3 SO4
2-, and 1636.33 cm-1 might correspond 

to δH2O of the jarosite mineral (Mejía et al., 2015; Flores et al., 2019). Five peaks are noted at 

1104.21, 1163.90, 1314.32, 1432.05, 2894.66, and 3301.80 cm-1 are also due to water 
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stretching bands of different minerals. The observation of these multiple water stretching bands 

gives credence to the non-equivalence of water units in the aluminum sulphate hydrate structure 

which may be present in the sludge (Mejía et al., 2015). The infrared bands between 3167 and 

3412 cm-1 are attributed to ν-OH due to water in the sludge (Flores et al., 2019). The peak 

observed between 1000 and 1170 cm-1, with an intense band around 1015.10 cm-1 can be 

attributed to δ-OH vibration of mineral compounds such as akageneite [Fe3+O(OH, Cl)] and 

jarosite [Fe3+
3(OH)6(SO4)2]

-, which are always present in the sludge (Francioso et al., 2010). 

This can be supported by the literature where Mejía et al. (2015) identified these minerals at 

1190, 1085 and 1008 cm-1.  

6.2 XRD analysis  

The XRD patterns of the sludge generated using ferrate (VI) ions as the oxidant and coagulant 

showed that the main diffraction patterns (2θ= 20-25ᵒ) could be attributed to iron oxide and 

ferric hydroxide species as shown in Figure 5. Other minerals precipitated from Cu, Al, Zn, or 

Mn were XRD amorphous due to their lower concentrations and a small amount of the sludge.  
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Figure 5: XRD patterns of synthetic AMD sludge  

6.3 Scanning electron microscopy (SEM)-Energy Dispersive X-ray Spectroscopy (EDS)  

The SEM analysis was used to study the morphology of the sludge collected at different 

intervals to determine the optimum time in which all metals have been oxidized and co-

precipitated. The EDS connected to SEM assisted to determine the presence and quantity of 

metals (percentage) in the sludge produced between 5 and 30 minutes. Figures 6-11 [a, b, c] 

show the images of sludge that was studied through the SEM-EDS.  
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Figure 6-11: [6a,b,c]: sludge collected after 5 min and analyzed with SEM-EDS, [7a,b,c]: 

sludge collected after 10 min, [8a,b,c]: sludge collected after 15 min, [9a,b,c]: sludge collected 

after 20 min, [10a,b,c]: sludge collected after 25 and [11a,b,c]: sludge collected after 30 min  

The images [a] from all Figures 6-11 were taken using SEM magnification of 61 x, images [b] 

at 1000 x while images [c] are showing the partition percentages of all metals and non-metals 

composing the sludge formed between 5 and 30 minutes. Another observation from these 

figures is a great change of color intensity of the sludge as time varied from 5 to 30 minutes. 

This confirms the densification indicated by the FT-IR spectrum where low transmittances 

(high absorptions) were observed after 15 minutes. Sedimentation or densification might 

increase as time increases. The iron, oxygen and sodium showed dominance in all sludge 

produced confirming the precipitation of ferric hydroxide, breakdown of sodium ferrate and 

presence of sodium hydroxide. It can also be seen in Figure 5.12 that the amount of iron 

decreased with time due to densification of the sludge through precipitation of alkali and 

alkaline earth metals including Na and Mg, and other heavy metals such as Zn and Mn which 

could block its detection by the instrument.  
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Figure 7: 3-D plot generated by EDS for the sludge deposited between 5 and 30 minutes  

From Figure 12, a minimum of 15 minutes was enough for all elements to be removed from 

the synthetic AMD when it was treated with the novel sodium ferrate (VI).   

 

CONCLUSION  

The application of the advanced oxidation process using a green oxidant Na2FeO4 for the 

treatment of a synthetic AMD sample was performed. The results indicated that this method 

could be effective for ameliorating the quality of sludge generated through the oxidation 

process of iron (II) and removal of other metals from the AMD. Metals were removed through 

coagulation and co-precipitation processes due to ferric ions generated from the oxidation of 

iron (II) and breakdown of ferrate (VI) ions. The produced sludge was characterized by, SEM-

EDS, XRD and FT-IR while the concentration of metals was determined using ICP-OES and 

UV-Vis spectroscopy analyses. The UV-Vis analysis results confirmed with the ones of ICP-

OES that iron has completely removed from the synthetic AMD, which also confirmed the 

oxidation strength of ferrate (VI) in acidic medium (Eᵒ=2.2V). The XRD, SEM-EDS and FT-

IR showed the presence of different minerals formed in the synthetic AMD sludge. The 

concentrations of the sludge collected at different times were justified by the densification 

process shown by FT-IR spectra that a high density of the sludge was obtained after 25 min. 

Different quantification parameters including the sludge settling velocity, sludge volume index 

and zone settling rate were determined. The study exposed very good settling properties of the 

sludge and low SVI value ranging 30 and 60 mL/g TSS was responsible for intensive and quick 

sedimentation, which shortened the settle phase to less than 60 min. Additionally, the low SVI 
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prevented the sludge from bulking. Only 15 minutes are enough for all metals to be removed 

from the water when it is being treated with this novel sodium ferrate (VI).  
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