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HIGHLIGHTS 

 The impact of HABs was controlled by using DAF coupled with Fe3+ or Fe6+. 

 Liquid ferrate was generated in-situ using a wet oxidation method.

 Fe6+ showed superior performance in removing AOM and algae cells.

 The flotation time tends to affect the removal efficiency for turbidity and AOM.

 Ferrate has the ability to reduce proteins and polysaccharide concentration. 

Abstract

Harmful Algal Blooms (HABs) are considered a major contributor to membrane biofouling 

in Seawater Reverse Osmosis (SWRO) desalination plants. The presence of HABs in the raw 

feed water leads to an increase in membrane fouling rate, increase of chemical consumption, 

and can cause temporary shutdown of plants. Effective pretreatment can reduce the amount 

of organic foulants reaching the RO membrane and alleviate the problem of flux decline 

during RO operation and frequent membrane cleaning using chemicals. This study compared 

the effect of in-situ generated liquid ferrate and ferric chloride in combination with dissolved 

air flotation (DAF) as a pretreatment strategy to remove algal cells and algal organic matter 

(AOM) during algal bloom events. Experiments were performed using a bench-scale DAF 

unit. HABs conditions were simulated by harvesting AOM from cultivating Chaetoceros affinis 

(CA) in raw seawater to a concentration of around 10 mg C/L of dissolved organic carbon 

(DOC). The liquid ferrate was generated in-situ by wet oxidation of ferric chloride in an 

mailto:torove.leiknes@kaust.edu.sa


2

alkaline media. The best performance was achieved with the combined use of liquid ferrate 

and DAF, removing up to 100% of algal cells, 99.99% of adenosine tri-phosphate (ATP), and 

up to 92% of AOM.

Keywords: Advanced Oxidation, Fouling, Desalination, HAB, RO Pretreatment 
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1. Introduction 

To meet the growing demand for fresh water in many arid areas in the world, extra-large 

seawater reverse osmosis (SWRO) desalination plants, as large as a capacity of half million 

cubic meters per day, have been built over the past two decades [1]. However, membrane 

fouling remains one of the most difficult challenges in SWRO technology [2, 3]. Fouling is 

classified in four categories: organic fouling, inorganic scaling, colloidal fouling, and 

biofouling. Different types of fouling can occurs in desalination plants depending on the 

seawater quality and on the pretreatment efficiency [4, 5, 6, 7]. The development of a biofilm 

on RO membranes results in an increase in membrane resistance and a reduction in 

permeability and solute rejection [8, 9]. Biofilm development and growth is affected by the 

biofouling potential of the feed water, which is influenced by the concentration of 

bioavailable organic compounds and the presence of biofilm-forming bacteria [10]. 

Harmful Algal Blooms (HABs) are considered as one of the major operating threats in SWRO 

desalination plants [11]. Severe HAB events can reach into millions of cells per liter and can 

stop the plant production or, at a minimum, severely limit plant capacity via rapid fouling of 

the pretreatment systems and RO membranes. Five HABs in the Red Sea have been recorded; 

of which 3 blooms are formed by dinoflagellates (Noctiluca scintillans, Pyrodinuium 

bahamense, and Protoperidinium quinquecorne), one by raphidophytes (Heterosigma 

akashiwo) and one by cyanobacteria (Trichodesmium erythraeum) [12]. Additionally, several 

species of blooms in the Red Sea belonging to different groups (diatoms, chlorophytes, and 

prymnesiophytes) have been reported [13]. Studies showed that the Chaetoceros affinis (CA) 

is one of the dominant algae species during algal bloom of Red Sea. The highest cell density 

of dinoflagellates bloom (3 × 10 cells/ L) was recorded in Saudi Red Sea coasts in southern 

regions (Al Shuqayq and Gazan) during February 2004. The harmful dinofalgellates, C. furca, 

C. fusus, C. dens, Prorocentrum, diatoms, Chaetoceros affinis (CA) and Thalassiossira 

decipiens were recorded in a Red Sea north of Jeddah, Saudi Arabia during Spring 2004.  The 

high cells of a bloom of the harmful dinoflagellate Pyrodinuium bahamense were recorded in 

November 2013 (8 × 104 cells/ L) [13]. The high nutrient concentrations and high 

temperature were correlated with increasing the growth of cells bloom. 
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Recent evidence shows that microscopic algae are a major cause of operational problems in 

SWRO plants [14]. Most SWRO plants, especially in the Middle East, employ coagulation 

followed by Granular Media Filter (GMF) as pretreatment for the raw seawater [15]. The high 

particle loading in seawater during an algal bloom in combination with high filtration rates 

(5-10 m/h) in the GMF can cause rapid and irreversible clogging of the filter. Furthermore, a 

substantial fraction of algal-derived organic matter (AOM) can pass through the GMF, which 

can initiate/exacerbate (bio)fouling in downstream RO membranes [16]. Effective 

pretreatment can reduce the amount of organic foulants and bacterial cell numbers reaching 

the RO membrane and reduce the problem of flux decline during RO operation [17, 18].

DAF is recognized as an advanced water treatment process for the removal of a wide variety 

suspended solids (e.g. turbidity, color, algae, oils, greases, precipitates etc.). DAF can 

efficiently remove contaminants with low settleability that tend to float or hover in the water 

column, and is considered as an effective treatment for the removal of algae cell by changing 

the morphology and the mobility of the algal species [19]. With well-controlled operating 

conditions, flotation has the potential to remove colloidal particles and to reduce the 

flocculation and clarification detention times [20]. Currently, DAF preceding media filtration 

is proposed as the most promising solution to overcome the problems associated with algal 

blooms [21]. Flotation is able to reduce algal cell concentrations to a large extent, protecting 

media filters from rapid clogging, reduced capacity, and breakthrough [22]. However, high 

doses of ferric chloride (up to 20 mg Fe (III)/L) are usually required to make the process 

effective [23]. Additionally, coagulants might be required upstream of the GMF to ensure 

acceptable RO feed water quality in terms of turbidity and silt density index (SDI) [23]. 

The use of advanced coagulation with liquid ferrate in SWRO pretreatment is a novel 

promising approach [24]. Disinfection and advanced oxidation processes are not commonly 

applied in SWRO pretreatment, where marine water applications (e.g., ballast water 

treatment, marine aquaculture) have mainly focused on ozone and UV based technologies 

[25]. However, advanced coagulation with liquid ferrate is exceptional as it combines 

oxidation, disinfection and coagulation, thereby achieving advanced treatment while 

reducing the number of unit processes and potentially the cost of capital equipment required 

for enhanced SWRO pretreatment. Advanced coagulation pretreatment with liquid ferrate 



5

can also result in reduced operational costs due to the use of lower amounts of chemicals, as 

well as reduced biofouling potential, which results in less cleaning frequencies of RO 

membranes and longer membrane lifetime [26]. In addition, liquid ferrate may minimize 

adverse environmental effects associated with other chemicals commonly used for 

pretreatment (e.g., type of coagulant, coagulant aids, and biocides).

In addition, previous study of advanced coagulation using in-situ generated liquid ferrate, 

for enhanced pretreatment in seawater RO desalination during algal blooms, have indicated 

a superior performance compared to a conventional ferric chloride coagulant in terms of 

turbidity, AOM, and cells of microorganisms removal [24]. The combined action of ferrate 

(oxidation and coagulation) is a valid pretreatment method in the case algae bloom event, 

and it could be the optimum replacement for ferric chloride. A recent study reported the 

performance of CFS pretreatment with liquid ferrate [24]. To the best of our knowledge, this 

is the first study that evaluates the use of ferrate in CFF for the pretreatment of seawater.

The objective of this study is to assess and compare the use of ferric chloride, widely used in 

industry, and liquid ferrate in combination with the DAF system as seawater pretreatment 

for SWRO during algal bloom events (HABs). The impact of the DAF pretreatment on the 

seawater quality was evaluated. The effect of coagulant dose, ferrate yield and flotation time 

on the pretreatment removal efficiency were investigated. The outcomes of this study will 

provide guidelines for using liquid ferrate combined with DAF as pretreatment in SWRO 

desalination plants during algal bloom seasons. 
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2. Materials and methods

Two coagulation modes were used in combination with a DAF system, liquid ferrate (with 

both low and high yields) and only ferric chloride. The raw seawater used in the study was 

spiked with harvested AOM to mimic representative algal bloom conditions.   

2.1 Seawater characteristics

Raw seawater was collected from the Red Sea (offshore of KAUST bay, Thuwal, Saudi Arabia), 

having the following average characteristics: pH (8 ±0.20); temperature (24 ±1 °C); turbidity 

(< 0.60 ±0.15 NTU); salinity (38.1 ±2 mg/L); algae (3500 ±708 event/uL); ATP (600 ±250 

ug/mL); dissolved organic carbon (DOC) (0.8 ±0.1 mg C/L); biopolymers (BP) (0.019 mg/L); 

humic substances (HS) (0.196 mg/L); building blocks (BB) (0.25 mg/L); LMW neutrals 

(LMW-N)(0.274 mg/L); and LMW acids (LMW-A) (0.07 mg/L) [24, 27]. 

2.2 Algal bloom seawater model

The feed seawater was spiked with AOM harvested from the Chaetoceros affinis (CA) algae 

species, creating feed solution at a high concentration of 2.8 mg C/L as biopolymers in Red 

Sea water (total dissolved solids (TDS) = 38,000 ppm) to simulate the algal bloom conditions. 

Chaetoceros affinis described as a marine diatom species commonly found in temperate 

regions. CA is widely known to form blooms in the early spring period, during which they 

release quantities of extracellular polysaccharides [13]. CA was selected in this study as it is 

known to produce high substantial amounts of extracellular polymeric substances 

throughout their growth cycle which makes CA a suitable choice for laboratory-scale 

production of high AOM concentration during short-term experiments. Characteristics of the 

CA species are summarized in Table 1 [28]. The DOC concentration of the harvest feed 

seawater was set to 10 mg C/L. The method for cultivation and extraction of AOM applied 

was based on using a strain of CA developed by Myklestad (1995) [29]. CA was obtained from 

culture collection of algae and protozoa by the CCAP Laboratory (Oban, Scotland). The CA 

species cultures were grown in duplicate in glass bottles filled with 5L of Red Sea water 

medium. The raw seawater was filtered through a 0.45 µm cellulose acetate filter and 
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sterilized by autoclaving at 121°C for 1 h. F/2 medium (100 mL) (G0154-500ML, Sigma-

Aldrich) was then added to the water culture medium together with the CA inoculum [30]. 

Silica was added to the culture medium to enhance the diatom growth before incubation in 

an environmental chamber. A constant growth temperature of 20 ±2 °C, continuous aeration, 

and artificial light control set for a 12h/12h light/dark cycle (i.e. mimicking day and night) 

was maintained for a 20-30 days period. All materials and glassware were sterilized by 

autoclaving prior to incubation. 

Table 1. Characteristics of CA species.

Parameters Characteristics

Strain CCAP 1010/27

Type Diatom

Geometric shape Oval cylinder

Diameter 8-20µm

Height 15-30 µm

Cell surface area 1400 µm2

Cell volume 1920 µm2

Water discoloration Yellowish brown

Natural habitat Sweater as natural habitat

Typical bloom period Spring season

2.3 Coagulant

Liquid ferrate was generated with two different yields (20 and 58%) through wet oxidation 

of ferric iron by hypochlorite in alkaline medium [31]. The process was based on the 

Thompson and White method used for the generation of liquid ferrate [32]. The reagents 

used to generate liquid ferrate were 103 mL of sodium hypochlorite (NaOCl) at a 
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concentration of 14% free chlorine (Fisher Manufacturing), 2.8 g of ferric chloride (Sigma-

Aldrich), and 22 g (i.e. 20% yield) [24] and 66 g (i.e. 58% yield) of sodium hydroxide stock 

(Sigma-Aldrich Manufacturing) [33]. Phosphate buffer (5 mM Phosphate / 1 mM, borate: pH 

9.1) was used to determine the liquid ferrate concentration [34]. The buffer was made by 

adding 27.6 g powder sodium phosphate (NaH2PO4.2H2O) (Sigma-Aldrich), 9.5 g powder 

sodium borate (Na2B4O7.10H2O) (Sigma-Aldrich) and 8.5 g of NaOH (Sigma-Aldrich) in 1 L of 

Milli-Q water, and mixed thoroughly for 2 hours. The liquid ferrate was diluted by adding 2, 

1, 0.75, 0.5, 0.25, 0.1, and 0.05 mL liquid ferrate into 7 tubes containing 30 mL of phosphate 

buffer solution. The pH of the solutions was measured by using a pH meter (CyberScan 6000 

series meter (pH6000, Eutech instruments)). The absorbance of the liquid ferrate was more 

likely measured at 510 nm by the use of a UV/vis spectrophotometer [35]. The 

concentrations of liquid ferrate (M) was determined by using the following equation [36]: 

(1)𝐵 =
𝐴𝑏𝑠.
𝜀 𝐶

where B is the concentration (M); Abs. is the absorbance at 510 nm; ε is the extinction 

coefficient; and C is the cell path length (1 cm). ε determined at 510 nm as 1150/M cm at pH 

9, and 520/M cm at pH 6.2 [37].

The yield percentage of liquid ferrate was determined using the following equation: 

(2)Yield of liquid ferrate =
B ∗ Dilution times

Molarity of ferric chloride ∗ 100

The impact of the coagulant dose on the DAF unit performance was conducted using different 

coagulant doses: 0.25, 0.75, 1, and 3 mg Fe/L. The equivalent coagulant doses were added as 

liquid ferrate (FeO4
2-) (Fe(VI)) in low/ high yields and ferric chloride (FeCl3) (Fe(III)). 

2.4 Dissolved air flotation (DAF) experiments 
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The overall process performance of the DAF was evaluated in terms of algae cells and AOM 

removal. Feed water was prepared by adding a predetermined concentration of algae cells 

and AOM (10 mg C/L). The initial algal cell concentration used was 30,000 cells/uL.

DAF is typically operated by adding a coagulant dose under rapid mixing followed by a 

flocculation period under slow mixing prior to adding the air bubbles and allowing flotation. 

Typical operating conditions of DAF systems in seawater treatment used at SWRO plants 

were applied [38]. Three different flotation times of 5, 10, and 15 min were tested to evaluate 

the optimum flotation time. Three coagulant compositions (i.e. Fe(VI) low/high yield, Fe(III)) 

each with a concentration of 3 mg Fe/L were tested with each of the different flotation times. 

After flotation, the agglomerates were allowed to float freely for another 10 min before 

collecting samples. Bench-scale flotation tests were conducted using a DAF batch tester 

(Platypus DAF Jar Tester, Australia) (Fig.1). The apparatus includes four glass beakers, each 

with a volume of 1 L. 

Fig.1. Bench scale experiment set up for coagulation/DAF system

Three compositions of the iron coagulant (i.e. Fe(VI) low/high yield, Fe(III)) were added 

separately into 1 L of feed water and rapidly mixed (200 s-1) for 2 min during which pH was 

adjusted to the desired value using 0.5 M NaOH or 0.5 M HCl. Flocculation was set to 20 min 

of slow mixing (40 s-1), after which air saturated feed water was supplied at a pressure of 5 
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bar and recycle ratio of 20% [19, 20, 39]. Flotation time was determined by choosing the best 

option found for the first set of experiments.    

Performance of the treatment efficiency of the DAF process as a function of flotation time, 

coagulant dose / form was assessed by measuring the removal of turbidity, ATP, DOC, NOM 

fractions, and algal cells.

2.5 Analytical methods 

Samples of the clarified water were collected from sampling ports located at the base of the 

jars. Residual turbidity, ATP, DOC, NOM fractions, algal cell concentration, polysaccharides 

and protein were measured. The efficiency of Fe(VI) vs. Fe(III) as coagulant was evaluated 

by comparing turbidity removal, measured with a HACH-Lange turbidity meter (Germany), 

as previously described in Neukermans et al (2012) [40]. 

The impact of Fe(VI) vs. Fe(III) on AOM removal was assessed by measuring DOC, 

polysaccharides and protein concentration. All the samples were pre-filtered through a 0.45 

μm filter before measurement by liquid chromatography with organic carbon detection (LC-

OCD) (LC-OCD-OND Model 8, DOC-Labor, Germany). To determine the main DOC fractions 

the method developed by Huber et al (2011) was used [41]. The Toyopearl HW-50S size 

exclusion chromatography column was used for this study (TOSOH company, Japan). The 

resulting chromatogram shows a plot of signal responses of different organic fractions to 

retention time. Manual integration of the data was then performed to determine the 

concentration of the organic fractions, which include biopolymers, humic substances, 

building blocks, low molecular weight acids and low molecular weight neutrals. The manual 

integration was performed based on the method developed by Huber et al (2011) [41]. LC-

OCD was also used to detect the concentrations of certain proteins and polysaccharides 

within the biopolymer fraction. The concentrations of polysaccharides and protein was 

estimated based on the concentration of organic nitrogen as determine by the organic 

nitrogen detector (OND) [42]. The carbon to nitrogen ratio of protein was estimated as 3:1 

assuming that all the organic nitrogen in the biopolymer originates from protein. The 
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concentrations of protein and polysaccharides were calculated based on the following 

equations [43]:

Protein concentration = 3 × OND (3)

Polysaccharides concentration = Biopolymer concentration – (3 × OND) (4)

The disinfection potential of Fe(VI) vs. Fe(III) in terms of bacterial and algal inactivation 

capacity was assessed by measuring the adenosine triphosphate (ATP). ATP concentrations 

were determined by measuring the amount of light produced in the luciferin-luciferase 

assay. A nucleotide-releasing buffer (NRB, Celsis) was added to the water sample to release 

ATP from the cells. Emitted light was measured in a Celsis Advance™ luminometer calibrated 

with solutions of free ATP (Celsis) as per manufacturer protocol [24]. The feedwater 

employed for the test presented an ATP concentration of 180000 pg/mL. The ATP of 

feedwater included both the contributes from the bacterial cell present in the seawater and 

the algae; although the bacterial cell constituted only a minor part (up to 1000 pg/mL) of the 

total ATP. The total algal concentration and cell viability was measured using a flow 

cytometer (Accuri C6, BD Biosciences) [44].
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3. Results 

3.1 Evaluating the effect of flotation time at fixed coagulant dose (3 mg Fe/L) 

The efficiency of the DAF process was assessed by comparing the use of liquid ferrate (low 

and high yield) vs. ferric chloride coagulants. The performance of 3 mg Fe/L of both 

coagulants in improving raw water quality in terms of turbidity, DOC, ATP, Algae and NOM 

was evaluated under different flotation times. 

Turbidity is considered a critical parameter to assess the feed water quality and the 

efficiency of a pretreatment process, and it is used to measure the concentration of 

suspended solids and colloids.  DAF removes turbidity through aggregation and flotation by 

producing a thick layer of sludge on the surface of the reactor. Results are shown in Fig. 2. 

For a flotation time of 5 min the three coagulant options tested showed a similar 

performance, with an overall removal of 80%. Increasing the flotation time reduced the 

removal efficiency with the Fe(III) dose but drastically increased it with the two Fe(VI) 

options. Around 99% removal was achieved with the liquid ferrate at 10 and 15 min. By 

comparison, only dosing Fe(III) removals of 52% and 72% were observed at 10 and 15 min, 

respectively (Fig. 2A). 

In addition to being a powerful oxidant, ferrate is known to have a disinfection potential. A 

significant disparity was observed in terms of ATP removal for the Fe(III) vs. Fe(VI) forms of 

the coagulant. It is worth noting that the ATP of the feedwater employed, although included 

both the contributes from the bacteria and the algae, was mainly due to the latter. The ferrate 

was found to efficiently deactivate bacteria and algae. ATP removals of 96% (5 min) and 

99.9% (10 and 15 min) for liquid ferrate were observed compared to 75% (5 min), 73% (10 

min) and 69% (15 min) for Fe(III) (Fig. 2C). In terms of algal removal, the Fe(VI) based 

options removed 100% of the algae compared to an average of 69% for Fe(III) (Fig. 2D). 

For the AOM, a similar performance for the three coagulant forms used was observed after 

5 min flotation, showing removals between 51-61%.  Increasing the time to 10 min had little 

impact on the Fe(III) form while enhanced removal was observed for the two Fe(VI) forms 
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(77 and 92%, respectively).  A further increase to 15 min showed a slight improvement on 

the Fe(III) form (82%) and the Fe(VI)_low yield (88%), but little effect with the Fe(VI)_high 

yield (91%)(Fig. 2B). 

Fig.2. Turbidity (A), DOC (B) ATP (C), and algal cells (D) concentration and removal by using ferric chloride 

vs. liquid ferrate (20% and 58%) (3 mg Fe/L each) in DAF processes for treating algal bloom seawater 

model with different flotation times.  
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A more detailed analysis of the DOC was conducted using the LC-OCD analysis which enables 

the identification and characterization of the main components of natural organic matter in 

the seawater (e.g. biopolymers (BP), building blocks (BB), low molecular weight acids 

(LMW-A) and low molecular weight neutrals (LMW-N). Results are summarized in Fig. 3. 

Varying impacts on the different DOC fractions can be observed. For the BPs, a slight 

improvement in removal was observed by increasing the flotation time from 5 to 10 min, the 

effect was enhanced for the Fe (VI) respect to Fe (III) form. A similar trend can be observed 

for the BBs, where the removal increased with a flotation time > 5 min. As shown in Fig. 3, 

the removal of LMW-N by Fe(VI) forms was  higher than Fe(III). It is worth noting that for 

the removal of the LMW-A and LMW-N, higher removal efficiency was observed at flotation 

time of 10 min compared to 15 min. This is probably due to the oxidation properties of the 

Fe(VI) forms where the larger BP and BB fractions are oxidized and generate the smaller 

molecular weight byproducts [45]. However, a general observation from the results is that 

the 10 min flotation time appears to give the overall best performance in removals. The 

impact of changing coagulant dose concentrations on removal efficiencies was therefore 

conducted with a 10 min flotation time.    

Differences in the concentration of LMW-A organics were observed among the samples 

treated with the two coagulants based on different flotation time (Fig. 3). In general, after 

the AOM treatment with liquid ferrate, DOC concentration of the SW dropped to 0.817 mg/L, 

with the LMW constituting around 50% of the total AOM (Figs. 4B, 5C, 5D). As highlighted by 

the results presented in this study, the use of advanced coagulation with liquid ferrate 

demonstrated superior performances compared to the ferric chloride in AOM removal. 

Generally, it seems that there is no great impact of flotation time in the removal efficiency of 

bio-polymers (BP) (Fig. 3A). The removal of building blocks (BB) increased with a flotation 

time > 5 min (Fig. 3B). For all coagulant forms, the maximum removal of LMW-N and LMW-

A was observed by employing a flotation time of 10 min (Figs. 3C and 3D). Indeed, the LMW 

are byproducts of the oxidation of larger molecules. 
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Fig.3. BP (A), BB (B) LMW-N (C), and LMW-A (D) concentration and removal by using ferric chloride vs. 

liquid ferrate (20% and 58%) (3 mg Fe/L each) in DAF processes for treating algal bloom seawater model 

with different flotation times.  

3.2 Evaluating the effect of the coagulant dosage and yield reaction at fixed 

flotation time (10 min) 
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The impact of coagulant dose in improving raw water quality in terms of turbidity, DOC, ATP, 

Algae and NOM was assessed under a constant flotation time of 10 min. The results are 

summarized in Figs. 4, 5 and 6. 

Fig. 4. The coagulant dose and yield effect on the DAF performance (10 min flotation): (A) turbidity, (B) DOC, 

(C) ATP, and (D) algae count.
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The removal efficiency of turbidity decreased with decreasing coagulant dose, with the same 

trend apparent for all three forms of coagulant used. The two Fe(VI) forms performed better 

than Fe(III) with a slightly higher efficiency for the Fe(VI)_high yield (Fig. 4A). Reducing the 

Fe dose had a negative impact on the turbidity removal.

Inactivation or removal of bacteria and algae was based on ATP analysis (Fig. 4C). For the 

Fe(III) form a decrease in removal was observed with decreasing dosage, suggesting the 

main mechanism with Fe(III) is by particle aggregation, which correlates to the turbidity 

removal data. A very efficient inactivation or removal for the two Fe(VI) forms was high for 

all dosages tested, achieving greater than 96% for all cases.  

The removal of algal cells was 100% with Fe(VI) (both low and high yields) at a dose of 3 mg 

Fe/L compared to 67% with Fe(III) (Fig. 2D, 4D). The performance decreased with 

decreasing coagulant dose, however, the two Fe(VI) forms in general showed a superior 

performance. Particularly the Fe(VI)_high yield form had close to 100% removals at the 

lower dosages (0.25 and 0.75 mg/L). The disinfection of algae increased with increasing 

yield percentage of liquid ferrate. 

The DOC removal is shown in Fig 4B. Removal increased with increasing coagulant dose, 

ranging from 68-92% for the two Fe(VI) forms compared to 46-59% for Fe(III). Generally, 

DOC removal was observed to increase with increase of dosage though the impact was not 

significant.  Fe(VI)_high yield showed the highest increase in DOC removal from 72% to 92% 

by increasing the concentration from 0.25 to 3.00 mg/L. The liquid ferrate clearly had an 

enhanced effect in removing the DOC due to its oxidation capability. 

LC-OCD analysis of the main DOC fractions are presented in Fig. 5. The results show that the 

Fe(VI) forms are more effective in terms of BP removal compared to Fe(III) (Fig. 5A). The 

main constituents of BPs are protein (PN) and polysaccharide (PS). The removal efficiencies 

of these constituents are shown in Fig. 6 (PN in 6A, PS in 6B). In all cases the Fe(VI) forms 

performed better than Fe(III), with efficiency increasing with increasing doses. The 
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performance of Fe(VI) forms was significantly higher for the removal of PS. It is interesting 

to note that PN removal was best with Fe(VI)_high yield while for PS the Fe(VI)_low yield 

appears to perform best. In general, the Fe(VI)_low yield appears to have the highest removal 

of the BP fraction, which can be accounted by the more efficient PS removal observed. 

For the remaining DOC fractions (i.e. BB, LMW-A, LMW-N) no clear trends can be observed 

on the removal efficiencies as a function of increasing coagulant dose (Fig. 5 B, C, D). In 

general, the Fe(VI) forms performed better than Fe(III) in terms of BB removal, however the 

low yield Fe(VI) did better at the lower doses. For the LMW-A and LMW-N a general 

reduction can be observed due to coagulation / flocculation effect for the Fe(III) form.  For 

the two Fe(VI) forms less reduction is seen which can be accounted for by the formation of 

material in these fractions caused by the oxidation effect of Fe(VI) on the larger fractions. 

Overall the two Fe(VI) forms show an enhanced but similar removal efficiency of the DOC for 

the two yields tested (Fig. 4B).  
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Fig. 5. Coagulant dose and yield effect on the DAF performance (10 min flotation): (A) BP, (B) BB, (C) LMW-N, 

and (D) LMW-A.
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Fig. 6. The coagulant dose and yield effect on the DAF performance (10 min flotation time): (A) PN, (B) and PS.

4. Discussion

4.1 The impact of flotation time

DAF has been shown to be effective for removal of algae from seawater due to the tendency 

of algae to float [46]. Flotation time is a process parameter that needs to be addressed in 

optimizing the operation of a DAF system. Initial tests applied a typical dose of iron coagulant 

and evaluated three flotations times (i.e. 5, 10, 15 min). The flotation times tested did not 

have a significant effect on the removal of turbidity, DOC, ATP or algae when the coagulant 

was added as Fe(III) (Fig. 2). In the case of the two Fe(VI) forms, enhanced removal of 

turbidity and DOC was observed for the 10 and 15 min flotation times (Fig. 2A, D). ATP and 

algae were essentially completely removed for all conditions tested showing the added 

benefit of ferrate as an oxidant and disinfectant (Fig. 2B, C). ATP and algae results proved 

that ferrate coagulant did all the removal with no additional removal by the flotation process 

within the DAF system.

A closer analysis on DOC removal showed that only a minor benefit of applying Fe(VI) is seen 

at lower flotation times, but increased with increasing time. A more detailed analysis of the 
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DOC fractions was therefore conducted (Fig. 3). For the larger organic compounds (i.e. BP 

and BB; Fig 3B, C) an increase in flotation time is seen to have a positive effect. However, for 

the smaller fractions, increase in flotation time did not enhance the removal and in fact led 

to an increase of the LMW fractions [19]. This fraction is considered often one of the most 

problematic organics for SWRO desalination plants and it is considered as an indicator of 

biofouling propensity [47, 48]. 

Overall the results show that the Fe(VI) forms of coagulant achieved a significantly better 

removal of the AOM and algae than the Fe(III) form. The Fe(VI)_high yield showed better 

performance in removing LMW organics. Moreover, it was found that 10 min of flotation time 

was effective at improving the raw water quality. Results indicate there is an optimum 

flotation time which is a function of the operating conditions (i.e. feed water quality, type / 

dose of coagulant etc.), where further studies are required to identify this value. The results 

presented in this study regarding the use of DAF to treat seawater with HABs are relevant to 

other locations with similar climates since Chaetoceros affinis is more abundant in warm 

seawater environments.

4.2 The impact of Fe dose

Three coagulant forms were used, ferric iron (Fe(III)) and liquid ferrate (Fe(VI)) at two 

different yields (defined as low vs. high). The liquid ferrate solution consists of Fe (VI) (at 

two different yields) and Fe(III) where the Fe (VI) form is a strong oxidant and disinfectant 

due to its redox potential. Once reduced, the Fe (VI) is converted to Fe (III) which acts as a 

standard ferric coagulant. By using the liquid ferrate it is possible to achieve a simultaneous 

oxidation, disinfection and coagulation of organic matter, and potentially reducing the 

concentration of organics in the pretreatment process [26]. Four different coagulant doses 

were studied: 0.25, 0.75, 1.0 and 3.0 mg Fe/L. Flotation time was set to 10 min based on the 

results described above. Performance was assessed based on removal of turbidity, ATP, 

algae, DOC, and DOC fractions (LC-OCD analysis) as well as the main biopolymers (protein 

and polysaccharides). Results are presented in Figs. 4, 5, and 6.
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Removal efficiencies of turbidity, DOC, algae, and ATP generally increased with increasing Fe 

dose. For turbidity removal there is a clear correlation between increasing coagulant dose 

and increased removal efficiency for all forms of coagulant tested. The two Fe(VI) forms 

show an overall higher removal rate, indicating removal of some compounds by oxidation at 

the initial stage but then following the same coagulation / flocculation mechanisms once all 

the Fe(VI) has been reduced to Fe(III) (Fig. 4A). The previous reports indicated that in 

comparison Fe(VI) with Fe(III), a much lower dose of Fe(VI) was required to achieve 

substantial removal of suspended solid [35], which is reflected the turbidity reduction when 

applied Fe(VI). 

ATP and algae removal with Fe(III) show a linear removal with increasing dose, suggesting 

that the removal mechanism is based on rate of particle destabilization and flocculation (Fig. 

4C). With the two Fe(VI) forms essentially complete removal is observed except at the lower 

dosages for algae, confirming the oxidation and disinfection capabilities of the liquid ferrate. 

Although a slight increase in DOC removal with increasing dose can be observed, the effect 

is not significant except for the 3 mg/l dose in which high yield ferrate achieved significantly 

higher removal compared to low yield ferrate (Fig. 4B).   

A more detailed analysis on the main DOC fractions using the LC-OCD approach show that a 

positive correlation of increasing removal with increasing dose in terms of BP removal can 

be seen (Fig. 5A). The two Fe(VI) forms have a substantially higher removal than the Fe(III) 

form, indicating the significant effect of oxidation by the liquid ferrate compared to a 

flocculation / flotation removal mechanism [31]. The impact of oxidation is clearly seen in 

the other fractions; BB (Fig. 5B), LMW-N (Fig. 5C) and LMW-A (Fig. 5D). Some removal of 

these fractions can be seen though the impact of dose does not seem to be significant in terms 

in removing small organic fractions (LMW-A and LMW-N) except for the 3 mg/L dose in 

which high yield ferrate achieved significantly a higher LMW removal compared to 1 mg/L 

dose (Fig. 5C, 5D). The highest removal of organics is due to the liquid ferrate oxidation and 

the following effect of charge interaction and adsorption of organic fractions to the resulting 

iron hydrolysis [49]. Indeed, the LMW-A are byproducts of the oxidation of larger organic 

molecules [50]. As reported by Zhao et al. [51], the oxidation process of liquid ferrate induced 
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a shift in the distribution of natural organic matter (NOM), where the BP were reduced to 

smaller and more oxygenated compounds (BB, and LMW-A). Removal of the protein (PN) 

and polysaccharide (PS) fractions increase with increasing dose (Fig. 6). PN removal appears 

to be dominated by the coagulation / flocculation mechanism while the PS fraction is more 

susceptible to oxidation. Indeed, while PN are easily removed by coagulation, the additional 

action of liquid ferrate as oxidant allows for higher removal of PS compared to conventional 

coagulants (e.g. FeCl3). 

It is worth mentioning that small doses of liquid ferrate generally performed better than 

higher dose values of ferric chloride in terms of improving the seawater quality during the 

pretreatment. A strong correlation between removal efficiency and coagulant dose was 

observed for ferric chloride. The main advantages of using low doses of liquid ferrate in a 

DAF system consist in a high removal efficiency [31], significantly lower dosing rate, and a 

shorter flotation time compared to conventional coagulation with ferric chloride. Thus, 

advanced coagulation with liquid ferrate coupled with DAF can be an efficient method for 

the removal of AOM generated during algal blooms.

4.3 The impact of liquid ferrate yield

As reported in literature, ferrate productivity and yield of reaction are affected by several 

parameters, including ratio between hypochlorite and ferric, temperature, and the 

concentration of hypochlorite [33]. In this study, the yield of reaction was increased by 

increasing the ratio between hypochlorite and ferric chloride. It is worth pointing out that 

the liquid ferrate consists in a mixture of Fe(III) and Fe(VI), where the amount of Fe(VI) 

generated depends on the yield of the reaction [52]. The high yield was generated by tripling 

the amount of hydroxide, however, higher yields also increase production costs. Different 

amounts of hydroxide used in the wet oxidation process result in different pHs of the liquid 

ferrate stock solution, e.g. pH 9.3 for low yield and pH 11.5 for high yield.  Consequently, 

applying the Fe(VI) forms result in the seawater pH increasing up to 9 and 11, for low and 

high yield, respectively. Elevated pH has a positive effect on the process, enhancing the 

coagulation of algae and metals [46], and creating larger flocs. 
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As reported in Fig. S1, when normalized for the Fe(VI) dose the two coagulants showed 

comparable performances for the removal of DOC, ATP and Algae. The low_yield performed 

slightly better in terms of turbidity removal (Fig. S1).  With regard to ATP removal no 

significant difference was observed, having close to 100% removal (Fig. 4C). It is of interest 

to notice that the disinfection power in terms of algae removal increased with increasing the 

liquid ferrate yield percentage (Fig. 4D) and the concentration of Fe(VI) (Fig. S1). For the 

DOC fractions, a similar performance was observed for BP (Fig. 5A) and PS (Fig. 6B). The 

higher yield showed a slightly better performance in all cases for the PN (Fig. 6A). This is in 

agreement with Zhang et al. (2016) who reported that ferrate removes EPS by oxidation and 

charge neutralization [53]. A variation in performance can be seen on the other fractions (i.e. 

BB, LMW-A, LMW-N) where the higher yield at times showed a poorer performance. This is 

due to the oxidation power of ferrate where more byproducts and intermediates with 

smaller molecular weights can be generated when the yield is higher. Further studies are 

required to determine how much ferrate would be needed to oxidize more of these fractions. 

In summary, although the higher yield demonstrated a slightly better performance than the 

low yield, the overall increase in performance seen with the test conditions applied in this 

study do not justify the difference in production cost due to the increase in reagents 

necessary to increase the yield. 

5. Conclusions

This study evaluated the impact of advanced coagulation using liquid ferrate with low and 

high yields compared to conventional ferric chloride in combination with a DAF system. The 

performance of the process was assessed by measuring the removal of turbidity, reduction 

of algal cells and bacteria, and AOM. Test conditions simulated that typically found during 

algal bloom events. The liquid ferrate was generated in-situ using a wet oxidation process to 

provide a low and high yield. The main findings are summarized below;

- The liquid ferrate was very effective even at low dosages <1 mg Fe/L.

- The oxidation and disinfectant capabilities of ferrate resulted in 100% removal of 

algal cells and between 96.2-99.99% of ATP.
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- Superior DOC removal was achieved with ferrate, up to 92% with the optimum dose 

and flotation time.

- The impact of ferrate on the main DOC fractions varied as a function of test conditions, 

achieving 98-100% removal of BP, 56-62% removal of BB, 58-89% of LMW-N, and 

52-81% removal of LMW-A.     

In summary, adding a liquid ferrate coagulant in a SWRO pretreatment scheme enhances the 

reduction of key foulants that cause biological fouling on the RO spiral wound membranes. 

It is specifically effective in treating the feed seawater during algal bloom events with 

elevated turbidity and algal organic matter. The oxidation and disinfection capabilities of 

ferrate enable using lower coagulant dosages to achieve high treatment efficiencies, even 

generally performing better than higher dose values of ferric chloride. The main advantages 

of using low doses of liquid ferrate in a DAF system consist in a high removal efficiency, a 

significant decrease in the amount of coagulant needed compared to conventional 

coagulation (ferric chloride). In-situ generation of liquid ferrate can be designed to produce 

the desired yield for a given feed water condition to achieve a high-quality feed to the RO 

membranes, and is an efficient and cost-effective pretreatment method during algal bloom 

events.
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Supplementary material 

Fig. S1. The effect of liquid ferrate coagulants normalized for the concentration of Fe(VI) on the DAF 

performance (10 min flotation): (A) turbidity, (B) DOC, (C) ATP, and (D) algae count.



27

References

[1] M. Elimelech and W. A. Phillip, “The Future of Seawater Desalination: Energy, 

Technology, and the Environment,” Science (80-. )., vol. 333, no. 6043, pp. 712 LP – 

717, Aug. 2011.

[2] Sim, L. Nuang, T. H. Chong, A. H. Taheri, S. T. V. Sim, L. Lai, W. B. Krantz, and A. G. 

Fane, “A review of fouling indices and monitoring techniques for reverse osmosis,” 

Desalination, vol. 434, pp. 169–188, 2018.

[3] A. Ruiz-García, N. Melián-Martel, and I. Nuez, “Short review on predicting fouling in 

RO desalination,” Membranes (Basel)., vol. 7, no. 4, 2017.

[4] N. Melián-Martel, J. J. Sadhwani Alonso, and A. Ruiz-García, “Combined silica and 

sodium alginate fouling of spiral-wound reverse osmosis membranes for seawater 

desalination,” Desalination, vol. 439, pp. 25–30, 2018.

[5] Lee, Y. Gu, S. Kim, J. Shin, H. Rho, Y. Lee, Y. M. Kim, Y. Park, S. E. Oh, J. Cho, and K. 

Chon., “Fouling behavior of marine organic matter in reverse osmosis membranes of 

a real-scale seawater desalination plant in South Korea,” Desalination, vol. 485, p. 

114305, 2020. 

[6] L. Fortunato, A. H. Alshahri, A. S. F. Farinha, I. Zakzouk, S. Jeong, and T. Leiknes, 

“Fouling investigation of a full-scale seawater reverse osmosis desalination (SWRO) 

plant on the Red Sea: Membrane autopsy and pretreatment efficiency,” Desalination, 

p. 114536, 2020.

[7] S. Li, S. Sinha, T. Leiknes, G.L. Amy, and N. Ghaffour, “Evaluation of potential 

particulate/colloidal TEP foulants on a pilot scale SWRO desalination study,” 

Desalination, vol. 393, pp.127-134, 2016.

 [8] L. Fortunato, S. Bucs, R. V. Linares, C. Cali, J. S. Vrouwenvelder, and T. Leiknes, 

“Spatially-resolved in-situ quantification of biofouling using optical coherence 

tomography (OCT) and 3D image analysis in a spacer filled channel,” J. Memb. Sci., 

vol. 524, pp. 673–681, 2017.

[9] A. H. Alshahri, A. H. A. Dehwah, T. Leiknes, and T. M. Missimer, “Organic carbon 



28

movement through two SWRO facilities from source water to pretreatment to 

product with relevance to membrane biofouling,” Desalination, vol. 407, pp. 52–60, 

Apr. 2017.

[10] S. Alzahrani, A. W. Mohammad, N. Hilal, P. Abdullah, and O. Jaafar, “Identification of 

foulants, fouling mechanisms and cleaning efficiency for NF and RO treatment of 

produced water,” Sep. Purif. Technol., vol. 118, pp. 324–341, Oct. 2013.

[11] A. Berktay, “Environmental approach and influence of red tide to desalination 

process in the Middle East region,” Int. J. Chem. Environ. Eng., vol. 2, no. 3, 2011.

[12] A. A. Ismael, “Phytoplankton of the Red Sea,” in The Red Sea, Springer, 2015, pp. 567–

583.

[13] Z. A. Mohamed, “Potentially harmful microalgae and algal blooms in the Red Sea: 

Current knowledge and research needs,” Mar. Environ. Res., vol. 140, pp. 234–242, 

Sep. 2018.

[14] D. A. Caron, M. È. Garneau, E. Seubert, M. D. Howard, L. Darjany, A. Schnetzer, I. 

Cetinić, G. Filteau, P. Lauri, B. Jones, and S. Trussell, “Harmful algae and their 

potential impacts on desalination operations off southern California,” water Res., vol. 

44, no. 2, pp. 385–416, 2010.

[15] M. Nair and D. Kumar, “Water desalination and challenges: the Middle East 

perspective: a review,” Desalin. Water Treat., vol. 51, no. 10–12, pp. 2030–2040, 

2013.

[16] S. Jeong, G. Naidu, R. Vollprecht, T. Leiknes, and S. Vigneswaran, “In-depth analyses of 

organic matters in a full-scale seawater desalination plant and an autopsy of reverse 

osmosis membrane,” Sep. Purif. Technol., vol. 162, pp. 171–179, Apr. 2016.

[17] Y. Zhang and Q. Fu, “Algal fouling of microfiltration and ultrafiltration membranes 

and control strategies: A review,” Sep. Purif. Technol., vol. 203, pp. 193–208, Sep. 

2018.

[18] S. Li, S.-T. Lee, S. Sinha, T. Leiknes, G.L. Amy, and N. Ghaffour, “Transparent 

exopolymer particles (TEP) removal efficiency by a combination of coagulation and 



29

ultrafiltration to minimize SWRO membrane fouling,” Water Research., vol. 102, pp. 485-

493, 2016.

 [19] M. R. Teixeira and M. J. Rosa, “Comparing dissolved air flotation and conventional 

sedimentation to remove cyanobacterial cells of Microcystis aeruginosa: Part II. The 

effect of water background organics,” Sep. Purif. Technol., vol. 53, no. 1, pp. 126–134, 

Feb. 2007.

[20] M. R. Teixeira and M. J. Rosa, “Comparing dissolved air flotation and conventional 

sedimentation to remove cyanobacterial cells of Microcystis aeruginosa: Part I: The 

key operating conditions,” Sep. Purif. Technol., vol. 52, no. 1, pp. 84–94, Nov. 2006.

[21] F. El-Gohary, A. Tawfik, and U. Mahmoud, “Comparative study between chemical 

coagulation/precipitation (C/P) versus coagulation/dissolved air flotation (C/DAF) 

for pre-treatment of personal care products (PCPs) wastewater,” Desalination, vol. 

252, no. 1, pp. 106–112, 2010.

[22] J. K. Edzwald, “Algae, bubbles, coagulants, and dissolved air flotation,” Water Sci. 

Technol., vol. 27, no. 10, pp. 67–81, 1993.

[23] J. K. Edzwald and J. Haarhoff, “Seawater pretreatment for reverse osmosis: chemistry, 

contaminants, and coagulation,” Water Res., vol. 45, no. 17, pp. 5428–5440, 2011.

[24] A. H. Alshahri, L. Fortunato, N. Ghaffour, and T. Leiknes, “Advanced coagulation using 

in-situ generated liquid ferrate, Fe (VI), for enhanced pretreatment in seawater RO 

desalination during algal blooms,” Sci. Total Environ., vol. 685, pp. 1193–1200, Oct. 

2019.

[25] L. F. Greenlee, D. F. Lawler, B. D. Freeman, B. Marrot, and P. Moulin, “Reverse osmosis 

desalination: Water sources, technology, and today’s challenges,” Water Res., vol. 43, 

no. 9, pp. 2317–2348, 2009.

[26] J. Liu, K. He, S. Tang, T. Wang, and Z. Zhang, “A comparative study of ferrous, ferric 

and ferrate pretreatment for ceramic membrane fouling alleviation in reclaimed 

water treatment,” Sep. Purif. Technol., vol. 217, pp. 118–127, Jun. 2019.

[27] A. H. A. Dehwah, S. Li, S. Al-Mashharawi, H. Winters, and T. M. Missimer, “Changes in 



30

feedwater organic matter concentrations based on intake type and pretreatment 

processes at SWRO facilities, Red Sea, Saudi Arabia,” Desalination, vol. 360, pp. 19–

27, 2015.

[28] L. O. Villacorte, Y. Ekowati, H. Winters, G. L. Amy, J. C. Schippers, and M. D. Kennedy, 

“Characterisation of transparent exopolymer particles (TEP) produced during algal 

bloom: a membrane treatment perspective,” Desalin. Water Treat., vol. 51, no. 4–6, 

pp. 1021–1033, 2013.

[29] S. M. Myklestad, “Release of extracellular products by phytoplankton with special 

emphasis on polysaccharides,” Sci. Total Environ., vol. 165, no. 1–3, pp. 155–164, Apr. 

1995.

[30] R. R. L. Guillard, “Culture of phytoplankton for feeding marine invertebrates,” in 

Culture of marine invertebrate animals, Springer, 1975, pp. 29–60.

[31] J.-Q. Jiang, C. Stanford, and M. Alsheyab, “The online generation and application of 

ferrate(VI) for sewage treatment—A pilot scale trial,” Sep. Purif. Technol., vol. 68, no. 

2, pp. 227–231, Aug. 2009.

[32] D. A. White and G. S. Franklin, “A preliminary investigation into the use of sodium 

ferrate in water treatment,” Environ. Technol. (United Kingdom), vol. 19, no. 11, pp. 

1157–1161, 1998.

[33] L. Ding, H. Liang, and X. Li, “Oxidation of CH3SH by in situ generation of ferrate(VI) in 

aqueous alkaline solution for odour treatment,” Sep. Purif. Technol., vol. 91, pp. 117–

124, May 2012.

[34] Y. Lee, M. Cho, J. Y. Kim, and J. Yoon, “Chemistry of ferrate (Fe (VI)) in aqueous 

solution and its applications as a green chemical,” J. Ind. Eng. Chem., vol. 10, no. 1, pp. 

161–171, 2004.

[35] J. Jiang, “Advances in the development and application of ferrate (VI) for water and 

wastewater treatment,” J. Chem. Technol. Biotechnol., vol. 89, no. 2, pp. 165–177, 

2014.

[36] V. Sharma, “Potassium ferrate (VI): an environmentally friendly oxidant,” Adv. 



31

Environ. Res., vol. 2002, no. 6, pp. 143–156, 2002.

[37] J.-Q. Jiang and B. Lloyd, “Progress in the development and use of ferrate(VI) salt as an 

oxidant and coagulant for water and wastewater treatment,” Water Res., vol. 36, no. 

6, pp. 1397–1408, 2002.

[38] K. S. Park, S. S. Mitra, W. K. Yim, and S. W. Lim, “Algal bloom—critical to designing 

SWRO pretreatment and pretreatment as built in Shuwaikh, Kuwait SWRO by 

Doosan,” Desalin. Water Treat., vol. 51, no. 31–33, pp. 6317–6328, 2013.

 [39] J. Haarhoff and J. K. Edzwald, “Adapting dissolved air flotation for the clarification of 

seawater,” Desalination, vol. 311, pp. 90–94, Feb. 2013.

[40] G. Neukermans, K. Ruddick, H. Loisel, and P. Roose, “Optimization and quality control 

of suspended particulate matter concentration measurement using turbidity 

measurements,” Limnol. Oceanogr. Methods, vol. 10, no. 12, pp. 1011–1023, 2012.

[41] S. A. Huber, A. Balz, M. Abert, and W. Pronk, “Characterisation of aquatic humic and 

non-humic matter with size-exclusion chromatography–organic carbon detection–

organic nitrogen detection (LC-OCD-OND),” Water Res., vol. 45, no. 2, pp. 879–885, 

2011.

[42] S. Jeong, S. J. Kim, C. M. Kim, S. Vigneswaran, T. V. Nguyen, H. K. Shon, J. Kandasamy, 

and I. S. Kim, “A detailed organic matter characterization of pretreated seawater 

using low pressure microfiltration hybrid systems,” J. Memb. Sci., vol. 428, pp. 290–

300, Feb. 2013.

[43] L. O. Villacorte, M. D. Kennedy, G. L. Amy, and J. C. Schippers, “The fate of Transparent 

Exopolymer Particles (TEP) in integrated membrane systems: Removal through pre-

treatment processes and deposition on reverse osmosis membranes,” Water Res., vol. 

43, no. 20, pp. 5039–5052, Dec. 2009.

[44] R. Van Der Merwe, F. Hammes, S. Lattemann, and G. Amy, “Flow cytometric 

assessment of microbial abundance in the near-field area of seawater reverse 

osmosis concentrate discharge,” Desalination, vol. 343, pp. 208–216, 2014.

[45] X. Yang, W. Gan, X. Zhang, H. Huang, and V. K. Sharma, “Effect of pH on the formation 



32

of disinfection byproducts in ferrate(VI) pre-oxidation and subsequent chlorination,” 

Sep. Purif. Technol., vol. 156, pp. 980–986, Dec. 2015.

[46] W. Phoochinda and D. A. White, “Removal of algae using froth flotation,” Environ. 

Technol., vol. 24, no. 1, pp. 87–96, 2003.

[47] F. X. Simon, Y. Penru, A. R. Guastalli, S. Esplugas, J. Llorens, and S. Baig, “NOM 

characterization by LC-OCD in a SWRO desalination line,” Desalin. Water Treat., vol. 

51, no. 7–9, pp. 1776–1780, 2013.

[48] Y. Wang, L. Fortunato, S. Jeong, and T. Leiknes, “Gravity-driven membrane system for 

secondary wastewater effluent treatment: Filtration performance and fouling 

characterization,” Sep. Purif. Technol., vol. 184, pp. 26–33, Aug. 2017.

[49] J. Jiang and B. Lloyd, “Progress in the development and use of ferrate (VI) salt as an 

oxidant and coagulant for water and wastewater treatment,” Water Res., vol. 36, no. 

6, pp. 1397–1408, 2002.

[50] S. Sun, J. Jiang, S. Pang, J. Ma, M. Xue, J. Li, Y. Liu, and Y. Yuan, “Oxidation of 

theophylline by Ferrate (VI) and formation of disinfection byproducts during 

subsequent chlorination,” Sep. Purif. Technol., vol. 201, pp. 283–290, Aug. 2018.

[51] J. Zhao, Y. Liu, Q. Wang, Y. Fu, X. Lu, and X. Bai, “The self-catalysis of ferrate (VI) by its 

reactive byproducts or reductive substances for the degradation of diclofenac: 

Kinetics, mechanism and transformation products,” Sep. Purif. Technol., vol. 192, pp. 

412–418, Feb. 2018.

[52] X. H. Sun, L. Wang, W. C. Li, and W. Q. Tuo, “Preparation of Liquid Ferrate and the 

Optimization of Process Parameters,” Adv. Mater. Res., vol. 772, pp. 884–887, Sep. 

2013.

[53] W. Zhang, B. Cao, D. Wang, T. Ma, and D. Yu, “Variations in distribution and 

composition of extracellular polymeric substances (EPS) of biological sludge under 

potassium ferrate conditioning: Effects of pH and ferrate dosage,” Biochem. Eng. J., 

vol. 106, pp. 37–47, Feb. 2016.



33



34

HIGHLIGHTS 

 The impact of HABs was controlled by using DAF coupled with Fe3+ or Fe6+. 

 Liquid ferrate was generated in-situ using a wet oxidation method.

 Fe6+ showed superior performance in removing AOM and algae cells.

 The flotation time tends to affect the removal efficiency for turbidity and AOM.

 Ferrate has the ability to reduce proteins and polysaccharide concentration. 
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