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Abstract 19 

Harmful algal blooms (HABs) occur worldwide and threaten the quality of marine life, 20 

public health, and membrane facilities in Seawater Reverse Osmosis (SWRO) desalination 21 

plants. The effects of HABs on seawater desalination plants include extensive membrane 22 

fouling, increased coagulant consumption and plant shutdown. To determine how to 23 

mitigate such effects, this study assessed if low doses (0.01mg/L, 0.10 mg/L, and 1.00 24 

mg/L) of liquid ferrate (58% yield) and kaolin or montmorillonite clays alone could 25 

remove algal organic matter in coagulation-flocculation-sedimentation (CFS) pretreatment 26 

desalination systems. Results showed that 0.01mg/L of liquid ferrate coagulant removed 27 

42% of dissolved organic carbon (DOC), 52% of biopolymers (BP), 71% of algal cells, and 28 

99.5% of adenosine triphosphate (ATP). At a dose of 0.01mg/L, clays exhibited high 29 

removal of turbidity (up to 88%), BP (up to 80%) and algal cells (up to 67%). The 30 

combination of liquid ferrate (58% yield) as a coagulant with kaolin or montmorillonite 31 

clays as coagulant aids in CFS pretreatment led to 72% removal of DOC, 86% of BP, and 32 

84% of algal cells with a fixed dose of 0.01 mg/L for each. Findings from this study can help 33 

SWRO plants improve the performance of pretreatment systems during algal bloom events 34 

by reducing the consumption of coagulants while also maintaining high removal 35 

efficiencies.  36 
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1. Introduction 37 

Sea Water Reverse Osmosis (SWRO) is the state-of-the-art technology for seawater 38 

desalination due to its energy efficiency and lower operating cost in comparison with other 39 

commercial desalination technologies (Amy et al., 2017; Greenlee et al., 2009). One of the 40 

most serious problems in SWRO desalination plants is biological fouling, known as 41 

biofouling, which impacts process performance and increases overall operational costs 42 

(Alshahri et al., 2017; Fortunato et al., 2020, 2017; Khan et al., 2019; Villacorte et al., 2015). 43 

Algal blooms create significant problems in SWRO desalination processes; they are 44 

considered a challenge to SWRO operations due to the complexity of the biofouling caused 45 

by the algae. Harmful algal blooms (HABs) increase the tendency toward membrane fouling 46 

(biofouling as well as organic, colloidal and inorganic fouling). During HABs, the 47 

accumulation of biomass can lead to plant shut down (Caron et al., 2010). To protect RO 48 

membranes against severe biofouling during HABs and to improve operational efficiency, 49 

several pretreatment processes have been proposed and implemented to control the 50 

severity of membrane biofouling in SWRO facilities (Prihasto et al., 2009; Tabatabai et al., 51 

2014).  Recently, advanced pretreatment processes (e.g., low-pressure membrane-based 52 

pretreatment) have been introduced in the design of new SWRO desalination plants (Al-53 

Ghamdi et al., 2019; Edzwald and Haarhoff, 2011). Desalination plants located in regions 54 

where the occurrence of HABs is higher require the use of extensive pretreatment like DAF 55 

with a substantial consumption of chemicals (Alshahri et al., 2021; Harvey et al., 2020). The 56 

subsequent removal of AOM and causative microorganisms would therefore be necessary 57 

to reduce the impact of algal blooms in the RO desalination plants.  58 

 Moreover, several antifouling strategies have been widely applied in SWRO plants to 59 

reduce fouling and to extend the lifetime of the membranes (Zhang et al., 2016). Different 60 

intake types/designs, such as subsurface intakes, have also been used to reduce biofouling 61 

and to restrict the entrance of algal cells in SWRO desalination facilities (Dehwah et al., 62 

2017; Dehwah and Missimer, 2017, 2016).   63 

Coagulation-flocculation-sedimentation (CFS) with liquid ferrate was recently proposed as 64 

a pretreatment strategy for remediation of algal blooms (Alshahri et al., 2019). In this 65 
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strategy, liquid ferrate was found to improve the efficiency of the removal of suspended 66 

and colloidal particles, microorganisms, and algal organic matter (AOM) (Alshahri et al., 67 

2019). Previous studies showed that liquid ferrate performs well in seawater treatment 68 

because it can act as an oxidant, coagulant and disinfectant at the same time. Dissolved air 69 

flotation (DAF) is another common pretreatment technology used to control algal blooms 70 

(Cha et al., 2020; Dixon et al., 2017; Jiménez et al., 2017). Low doses of liquid ferrate as a 71 

coagulant in DAF pretreatment were also found to control algal blooms (Alshahri et al., 72 

2021). 73 

 74 

Various clays have been used as alternative coagulants as they have many advantages, such 75 

as surface charge, the specific adsorption of charged species from the medium, 76 

polyelectrolytes and the exchange of ions along the mineral surface (Aquino et al., 2003; Yu 77 

et al., 2013). They have also been applied to reduce AOM and algae during bloom events. 78 

Clays are considered relatively inexpensive, available in large quantities (in natural 79 

settings), easy to prepare, and low risk in causing environmental damage (Sengco and 80 

Anderson, 2004). Clay is also often used to aid coagulation and flocculation processes to 81 

increase the sedimentation of algal cells (Avnimelech et al., 1982; Pierce et al., 2004). 82 

Previous studies that investigated the use of clay to control algal blooms indicated that 83 

montmorillonite and/or kaolinite reduced the number of red tide cells, especially 84 

Cochlodinium polykrikoides, on the surface of the sea in Japan (Imai et al., 2006). In USA, 85 

many types of clays (e.g., montmorillonite, bentonite and Florida phosphatic clay) achieved 86 

greater than 90% removal of red- and brown-tide cells through clay flocculation (Sengco et 87 

al., 2001). Other studies reported the good adsorption capacity of organic pollutants by 88 

montmorillonite clay (Feddal et al., 2014; Timmer et al., 2020). Clays combined with 89 

coagulants such as poly aluminum chloride (PAC), aluminum sulfate (alum), or ferric 90 

chloride (Fe(III)) were found to significantly increase algal bloom removal efficiencies (Pan 91 

et al., 2006; Pierce et al., 2004; Sengco, 2001; SENGCO and ANDERSON, 2004). Fe(III) and 92 

calcium hydroxide (CaOH) have been coupled with clay to improve the reduction of 93 

chemical oxygen demand (COD) and volatile suspended solids (VSS)  from tannery 94 

wastewater (Qin et al., 2019; Rytwo et al., 2011). One study suggested that phosphatic clays 95 

may include organic matter that can increase its ‘stickiness’ and enhance the sedimentation 96 
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of cells, organic matter and suspended particles (Yu et al., 2013). These clays are generally 97 

inexpensive, readily available in large quantities, and easy to use in field operations for 98 

different water treatment applications (Pierce et al., 2004; Ramdani et al., 2010).  99 

This study focuses on the use of alternative seawater CFS pretreatments during HABs. The 100 

objectives of this study were to investigate the performance of (i) low doses of liquid 101 

ferrate coagulant with 58% yield, (ii) low doses of kaolin and montmorillonite clays, and 102 

(iii) the combined use of liquid ferrate as a coagulant and clays as coagulant aids. The 103 

efficiency of the proposed approaches in improving the quality of raw seawater was 104 

evaluated in terms of turbidity, dissolved organic carbon (DOC), algal organic matter 105 

(AOM) and algae concentration removal.  106 
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2. Material and methods 107 

2.1 Feed water 108 

Raw Red Sea water used as the feed was collected from a pipe coming directly from the 109 

KAUST SWRO commercial plant intake located about 3 km from the laboratory (KAUST 110 

bay, Thuwal, Saudi Arabia) (Fortunato et al., 2018). The initial turbidity of the raw Red Sea 111 

water was in the range of 0.6±0.2 NTU. The pH and temperature were in the range of 112 

8.0±0.2 and 24±1 °C, respectively (Table S2).  113 

The characteristics and cultivation method of Chaetoceros affinis (CA) algae (Chaetoceros 114 

affinis, CCAP 1010/27, imported from the Culture Collection of Algae and Protozoa (CCAP) 115 

Laboratory, Oban, Scotland) were reported in previous studies (Prest et al., 2013). An algal 116 

organic matter (AOM) model was prepared using seawater and CA algae in the decline 117 

phase with a fixed DOC concentration of 10.0 mg C/L. The turbidity of the model AOM was 118 

approximately 10.0 ± 2.0 NTU. Coagulation experiments were performed with the model 119 

solution with a total AOM concentration of 7.2 mg C/L (Alshahri et al., 2019).  120 

2.2 Preparation of liquid ferrate and clay  121 

Liquid ferrate (Fe(VI)) (58% yield) (coagulant) was prepared using a wet oxidation 122 

method. This method is considered practical since it doesn’t require any purification steps. 123 

It is important to note that while the oxidation step is simple and inexpensive, the 124 

purification of ferrate is very time consuming and expensive. Moreover, the liquid ferrate 125 

(Na2FeO4) can be generated on site near the point of use, and directly used in seawater 126 

pretreatment. The production of ferrate by wet oxidation method involved the oxidation of 127 

ferric hydroxide [Fe(OH)3] by NaOCl in the presence of NaOH. 2.80 g of ferric chloride 128 

(FeCl3*6H2O), 103 mL of sodium hypochlorite (NaOCl) (14% of available chlorine) and 66 g 129 

of sodium hydroxide (NaOH) were employed in the process (Alshahri et al., 2019; Lee et al., 130 

2004; Thompson et al., 1951). The corresponding reactions are reported below  (Li, 2006) 131 

(Lee et al., 2004): 132 

 133 
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 7

2Fe(OH)3 + 3NaOCl + 4NaOH → 2Na2FeO4 + 3NaCl + H2O  (1) 134 

2Na2FeO4 + 4KOH → K2FeO4 + 2NaOH    (2) 135 

Both kaolin and montmorillonite powders were purchased from Sigma-Aldrich. Two stock 136 

solutions of clay were prepared (one for kaolin and one montmorillonite) by dissolving 1 g 137 

of clay into 1 L of Milli-Q and continuously stirred for 60 min. For the CFS treatment of the 138 

model AOM, different Fe(VI) (coagulant) doses were studied (0.01, 0.10, and 1.00 mg Fe/L) 139 

along with different kaolin and montmorillonite doses (0.01, 0.10, and 1.00 mg/L). 140 

To evaluate the performance of the five different coagulation-flocculation-sedimentation 141 

configurations (i.e., CFS – Fe(VI), CFS – kaolin, CFS – montmorillonite, CFS – Fe(VI) + kaolin, 142 

and CFS – Fe(VI) + montmorillonite), a set of experiments was performed as summarized in 143 

Table 1.  144 

Table 1. CFS configurations used in the experiments 145 

 146 

 147 

2.3 CFS experiment  148 

Different doses (0.01, 0.10, and 1.00 mg/L) of Fe(VI) and clay were added to 1000 mL of 149 

AOM (Pan et al., 2006). The experimental conditions that were used for CFS included 150 

coagulation at rapid mix rate (200 s-1) for 2 min, flocculation at a slower mix rate (40 s-1) 151 

for 20 min, and sedimentation for 1 hour. Bench-scale jar tests were conducted with a six-152 

unit stirrer apparatus that could simulate various mixing, flocculation and settling 153 

conditions to determine the optimum dose and pH. The procedure of the jar tests has been 154 

previously detailed (Alshahri et al., 2019).  155 

 156 

 Coagulant Clay Dose (mg/L) 

Run 1 Fe (VI)  0.01, 0.10, 1.00 
Run 2.1  Kaolin 0.01, 0.10, 1.00 
Run 2.2   Montmorillonite 0.01, 0.10, 1.00 
Run 3.1 Fe (VI)  Kaolin 0.01 + 0.01 
Run 3.2 Fe (VI)  Montmorillonite 0.01 + 0.01 

Jo
urn

al 
Pre-

pro
of



 8

2.4 Analytical methods  157 

The turbidity, DOC, Natural Organic Matter (NOM), ATP, and number of algal cells were 158 

measured in the CA algae feed solution and after CFS treatment. Turbidity analysis was 159 

performed without sample filtration, using a HACH-Lange turbidity meter (Germany).  DOC 160 

analysis was carried out with a Shimadzu TOC analyzer (TOC–V CPH, Shimadzu, Japan). 161 

NOM analysis was conducted using liquid chromatography with organic carbon detection 162 

(LC-OCD; LC-OCD-OND Model 8, DOC-Labor, Germany), after filtering the samples with 163 

0.45-μm filters (Alshahri et al., 2017).  Active biomass in the samples was determined 164 

through ATP analysis using a Celsis ATP–Analyzer and analysis reagent kit (Celsis, USA) 165 

based on the firefly luciferin-luciferase bioluminescence reaction. Algae concentrations 166 

were measured using a BD Accuri® C6 flow cytometer based on laser excitation of 167 

unstained auto-fluorescent algal cells. The operating conditions and standards of the 168 

analytical methods were applied as described elsewhere (Alshahri et al., 2019).  169 
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3. Results  170 

3.1 The removal efficiency of high-yield liquid Fe(VI) coagulant in CFS treatment 171 

CFS is considered as effective in removing AOM and microorganisms in seawater 172 

desalination plants. The model AOM used in this study had a DOC concentration of 7.2 mg 173 

C/L and turbidity of 15.6 ± 1.4 NTU. Advanced coagulation with low doses (0.01 – 1.00 mg 174 

Fe/L) of liquid Fe(VI) (58% yield) showed outstanding performance in terms of turbidity, 175 

DOC removal, and inactivation of algal cells (Figs. 2, 3 and 4).  176 

The removal efficiency of turbidity increased from 58% to 95% with an increase of the 177 

Fe(VI) dose from 0.01 to 1.00 mg Fe/L (Fig. 1A). A clear reduction in the turbidity after CFS 178 

treatment to 6.52 NTU was observed. ATP was reduced significantly during CFS treatment 179 

from 99.5-99.7% with a dosage range of (0.01-1.00 mg Fe/L) of Fe(VI) (Fig. 1D). Results 180 

showed that marked ATP removal was already achieved at the lowest concentration (0.01 181 

mg) of the liquid ferrate Fe (VI) tested in this study. On the other hand, the removal of algal 182 

cells increased from 71 to 100% with the increase of Fe(VI) dose (0.01–1.00 mg Fe/L) (Fig. 183 

1C).  184 

DOC removal efficiency increased from 56-83% with increasing Fe(VI) dosages (0.01–185 

1.00 mg Fe/L) (Fig. 1D). The use of liquid Fe(VI) at doses ranging from 0.01 to 1.00 mg 186 

Fe/L allowed removal of 60-90% of bio-polymers (BP), 52-81% of building blocks (BB), 55-187 

80% of low molecular weight neutrals (LMW-N), 56-39% of low molecular weight acids 188 

(LMW-A), 56-75% of protein (PN), and 41-92% of polysaccharides (PS) (Fig. 2 and 4).  189 

 190 

3.2 Effects of kaolin and montmorillonite during CFS treatment  191 

The efficiency of clay used as an aid to the coagulant during seawater pretreatment of 192 

HABS was measured. Three clay doses were evaluated (0.01, 0.10 and 1.00 mg/L) for the 193 

CFS treatment of the model AOM. Two different types of clays (kaolin and montmorillonite) 194 

were tested to evaluate the impact of clay media in terms of turbidity, DOC and algal cell 195 

Jo
urn

al 
Pre-

pro
of



 10 

removal. Figs. 2, 3 and 4 present the parameters and removal efficiencies for the two types 196 

of clays tested.  197 

Turbidity removal was enhanced by the use the clay as a coagulant aid. Removal rates 198 

ranged from 77-92% for kaolin and from 88-93% for montmorillonite. The same removal 199 

trend was observed for both clays: increasing removal with increasing dose of clay. Fig. 1A 200 

shows the effects of different clay doses on turbidity removal. 201 

ATP removal efficiencies are presented in Fig. 1D. Removal rates of 92-95% and 90-94% 202 

were observed for kaolin and montmorillonite, respectively. A similar removal efficiency of 203 

ATP was found for both clays. Algal cell concentrations were also reduced by 54-96% with 204 

kaolin and by 67-83% with montmorillonite (Fig. 1C). When the dose of the two types of 205 

clays was increased, a clear decrease in algae concentration was observed.  206 

DOC removal efficiencies observed with the two clays as a function of dose are presented in 207 

Fig. 1B. Both clays reduced the organic matter content. The results showed that the use of 208 

kaolin achieved up to 68% removal of DOC at 0.01 mg/L compared with 56% DOC removal 209 

at 0.01 mg /L with montmorillonite. The reduction of DOC from 7.2 mg/L to 3.6 mg/L at 210 

0.01 mg/L of clay was also observed (Fig.2B).  211 

 212 

In general, both kaolin and montmorillonite clays showed a positive effect in terms of AOM 213 

removal. The removal efficiencies of kaolin vs. montmorillonite (at 0.01 mg/L dose) of the 214 

various organic matter fractions were 87% vs. 74% for BP, 35% vs. 38% for BB, 80% vs. 215 

46% for LMW-N, 79% vs. 35% for LMW-A, 73% vs. 62% for PN, and 88% vs. 75% for PS, as 216 

shown in Figs. 2 and Fig. 3. The results suggest that kaolin has a higher AOM removal 217 

potential compared with montmorillonite during CFS treatment. Further, kaolin showed 218 

the best removal efficiency of high molecular weight fractions (e.g., BP) and small organic 219 

carbon (e.g., LMW-N and LMW-A) when the lowest concentration of clay was tested in this 220 

study (0.01 mg/L).  221 

  222 
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 223 

 Fig. 1.  Impact of CFS treatment with liquid ferrate (Fe(VI)), kaolin and montmorillonite 224 

clays at (0.01-1.00 mg/L) doses on (A) turbidity, (B) DOC, (C) algal cells, and (D) ATP 225 

concentration. 226 

 227 
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 228 

Fig. 2. Impact of CFS treatment with liquid ferrate (Fe(VI)), kaolin and montmorillonite 229 

clays at (0.01-1.00 mg/L) doses on (A) BP, (B) BB, (C) LMW- N, and (D) LMW- A. 230 
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 231 

Fig. 3. Impact of CFS treatment with liquid ferrate (Fe(VI)), kaolin and montmorillonite 232 

clays at (0.01-1.00 mg/L) doses on (A) PN and (B) PS.  233 

 234 

3.3 The effect of a low dose of liquid Fe(VI) and clay during CFS treatment 235 

The combined effect of liquid ferrate with clay during CFS was evaluated, i.e., CFS – Fe(VI) + 236 

kaolin and CFS – Fe(VI) + montmorillonite. Combining the two processes involves the 237 

coagulation process (Fe(VI)) at 0.01 mg Fe/L and the flocculation process at 0.01 mg/L of 238 

clay (kaolin vs. montmorillonite). The DOC, AOM and algal cell removal efficiencies 239 

achieved by combining Fe(VI) and clay as the aid to the coagulant are shown in Figs. 4, 5 240 

and 6. Fig. 4 shows the effect of the combination of coagulant (Fe(VI)) and clay (kaolin and 241 

montmorillonite) on the turbidity, ATP, algae, and DOC removals. Turbidity of the initial 242 

AOM seawater model was 15.60 NTU. The results of the control experiment with 0.1 mg/L 243 

of Fe(III) and 0.01 mg/L of clays are reported in Fig. S1.  244 
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Generally, CFS – Fe(VI) + Clay improved the water quality in terms of turbidity, DOC, and 245 

algal cell concentration reduction. Adding clay led to a very high percentage of turbidity 246 

removal (93%) compared with that with only Fe(VI) (58%) as the coagulant (Fig. 4A), 247 

decreasing significantly from the initial value of 15.60 NTU to 1.87–1.22 NTU. 248 

ATP removal from the combined configurations was less (97%) compared with only using 249 

Fe(VI) as the coagulant (99.5%). ATP removals were between 96.9-97.2% for the different 250 

configurations tested in this study (Fig. 4D). Fe(VI) is an effective disinfectant because it is 251 

a powerful oxidizer (Sharma, 2007). The initial concentration of algal cells was 143,333 252 

event/µL. When clay was used as a coagulant aid, a slight decrease in algal cell 253 

concentration was observed compared with that with Fe(VI) alone. Removals of 83-84% 254 

were seen for the combined configurations compared to 71% for Fe(VI) alone (Fig. 4C). 255 

Generally, there was no difference in the removal efficiencies with using kaolin vs. 256 

montmorillonite clays in terms of ATP and algae concentration reduction. 257 

DOC removal increased with the Fe(VI) + Clay configurations, reaching 72%. Generally, no 258 

difference in the removal efficiency of DOC was observed using kaolin vs.  montmorillonite 259 

clays. By adding clay as a coagulant aid, DOC removal of 71- 72% was achieved, which was 260 

higher than with Fe(VI) alone at 56% (Fig. 4B). 261 
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 262 

Fig. 4. Turbidity, DOC, algal cells, and ATP (A, B, C and D, respectively) concentrations and 263 

removals after CFS with the combined configurations (the concentrations of clay and Fe(VI) 264 

were 0.01 mg/L ).  265 
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The removal of AOM fractions when clays were used as coagulant aids was also 266 

investigated. The combined configurations showed a good performance in BP removal of 267 

85-86% compared with 60% for Fe(VI) alone (Fig. 5A). The removal of BB also showed 268 

much higher values of 70-71% while Fe(VI) alone achieved  52% (Fig. 5B). Removal of 269 

LMW-N and LMW-A when the clays were added was generally less than that with Fe(VI) 270 

alone: 46-53% compared with 56% for LMW-N (Fig. 5C), and 21-22% compared with 56% 271 

for LMW-A (Fig. 5D). Adding clay as a coagulant aid therefore did not improve the removal 272 

of small organic carbon fractions. 273 

Both PN and PS removals were enhanced when clays were added as a coagulant aid. PN 274 

achieved 91% removal with the combined configuration compared with 56% Fe(VI) alone 275 

(Fig. 6A). PS was reduced by 86% compared with 40% Fe(VI) alone (Fig. 6B). The 276 

combined configurations proved to be beneficial in the removal of PN and PS. The CFS - 277 

Fe(VI) + Clay configurations tested were shown to be very successful in the removal of algal 278 

cells and AOM.  279 
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 280 

Fig. 5. BP, BB, LMW-N and LMW-A (A, B, C and D, respectively) concentrations and 281 

removals after CFS with combined configurations (the concentrations of clay and Fe(VI) 282 

were 0.01 mg/L ). 283 
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 284 

Fig. 6. PN and PS (A and B, respectively) concentrations and removals after CFS with 285 

combined configurations (the concentrations of clay and Fe(VI) were 0.01 mg/L) . 286 
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4. Discussion 287 

4.1 Impact of advanced coagulation using Fe(VI) on AOM removal 288 

The results indicate that a high yield liquid of Fe(VI) as the coagulant was effective in 289 

improving the seawater quality even a low dose of 0.01mg/L (lowest dose studied). 290 

However, increasing Fe(VI) doses to 0.10 and 1.00 mg/L led to additional reduction in 291 

turbidity of the treated water. The results highlight the role that Fe(VI) plays in removing 292 

large suspended particles during CFS treatment, which ultimately can contribute to 293 

increasing membrane lifetime in SWRO desalination plants. 294 

The disinfection action of Fe(VI) increased the removal of algal cells, as shown by the full 295 

removal of ATP (Fig. 1B). Meanwhile, reduction in DOC indicates improvement of water 296 

quality by Fe(VI) oxidation. The redox reaction of ferrate is likely to be involved in DOC 297 

removal in addition to other mechanisms in the CFS process, when Fe(VI) in the solution is 298 

reduced to Fe(III) thereby considerably increasing the tendency for coagulation and 299 

absorption (Sharma, 2002; Zhang et al., 2020). Once formed, Fe(III) has the advantage of 300 

precipitating the organic matter and the particles to form large flocs. Small organic 301 

fractions, such as LMW-N, and LMW-A, may actually be formed from Fe(VI) oxidation of 302 

large organic molecules (BP and BB) (Alshahri et al., 2021, 2019; Jiang and Lloyd, 2002; Liu 303 

et al., 2021). At a Fe concentration of 1 mg/L, the high yield (58%) liquid ferrate compared 304 

to low yield (12% yield) showed higher performance in terms of turbidity, algae, ATP, DOC, 305 

and AOM removal, while presenting similar removal performance for BP, ATP and algae 306 

removal (Alshahri et al., 2019).  307 

In current seawater desalination pretreatment operations, Fe(III) coagulant doses typically 308 

range from 1 to 10 mg Fe/L (Edzwald and Haarhoff, 2011), while at a coagulant dosage of 309 

0.1 mg/L, the Fe(III) resulted ineffective (Fig. S1). On the other side, by using liquid ferrate, 310 

it is possible to achieve the higher treatment performance with a much lower dose of Fe. 311 

The low amount of Fe employed will decrease the amount of coagulants used and will 312 

therefore reduce the costs and the impact of treating AOM during HABs. 313 

4.2  Effect of kaolin and montmorillonite clay on AOM removal 314 

Jo
urn

al 
Pre-

pro
of



 20 

In this study, two different clays (kaolin vs. montmorillonite) were evaluated to determine 315 

their effectiveness in removing turbidity, organic carbon and microorganisms from a model 316 

AOM in combination with a CFS treatment scheme.  The results from this study 317 

demonstrate the positive effects of using kaolin vs. montmorillonite in a CFS process on 318 

removing turbidity, DOC, and microorganisms. DOC and algal cells were found to be 319 

reduced by 55-68%. Clay is probably able to convert DOC into an insoluble form through 320 

surface complexation. Based on these results, it is clear that both kaolin and 321 

montmorillonite can be used to improve CFS treatment during HABs by settling of the 322 

precipitates due to the formation of the large-sized flocs, which can be easily removed 323 

during the treatment process. Physicochemical aggregation between algae and clay, which 324 

can be divided into two sequential steps, transport and attachment, has been found to play 325 

an important role in treating algal blooms (Pierce et al., 2004). Kaolin was found to be more 326 

effective than montmorillonite at removing organics and algal cells. The slight difference in 327 

performance is attributed to the different structure. The clay properties can improve its 328 

ability to absorb and retain water between layers and may increase the interaction 329 

between the clay particles and the algal cells (Liu et al., 2019; Sengco et al., 2001).  Kaolin is 330 

composed of one layer of both siloxane and alumina owing has a low ion-exchange 331 

capability and no swelling capacity, whereas the surface chemistry of clay with its 332 

potentially high affinity for the algal cells may play a major role in algal bloom treatment 333 

(Sengco et al., 2001). Montmorillonite consists of two layers of alumina and one layer of 334 

siloxane, having a strong ion-exchanging and swelling capacity (Sengco et al., 2001). The 335 

results presented in this study suggest that the use of kaolin/montmorillonite as a 336 

coagulant in a CFS pretreatment scheme is a promising and environmentally friendly 337 

strategy for algal bloom control (Anderson, 1997; Sengco et al., 2001; Sengco and 338 

Anderson, 2004).  339 

4.3 Enhancement of AOM removal and microorganism removal when Fe(VI) is the 340 

coagulant and clay is the coagulant’s aid 341 

A combined process using Fe(VI) as the coagulant with clays as the aid to the coagulant was 342 

further investigated. The lowest dose of the two chemicals was proposed as an advanced 343 
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coagulation treatment process to control remove organic carbon and algal cells. The 344 

process includes the use of 0.01 mg Fe/L of Fe(VI) coagulant (58% yield) in addition to 345 

0.01 mg/L of clay (kaolin or montmorillonite). This approach aims to enhance the 346 

mitigation of algal blooms and to reduce the consumption of chemicals of SWRO facilities 347 

for pretreatment during HABs.  348 

The results indicate that the CFS - Fe(VI) + Clay configurations can effectively remove 349 

turbidity. The clays have large specific surface areas and net negative charges (Johnston, 350 

1996), which can enhance the coagulation and settlement of organic and inorganic 351 

particles. 352 

A 12 % higher removal of algae in treated water with CFS - Fe(VI) + Clay was found 353 

compared with that with Fe(VI) alone. The adsorption to clay flocs might contribute to the 354 

enhanced algae removal (Pierce et al., 2004). Low dosages of phosphatic clays (e.g., 355 

montmorillonite and kaolin) proved to be highly effective as flocculants in terms of algal 356 

bloom removal (Avnimelech et al., 1982; Becker, 1994; Sengco et al., 2001; Sengco and 357 

Anderson 2004).  358 

Applying CFS - Fe(VI) + Clay also showed better performance in the removal of DOC, with 359 

an additional 16% removed over CFS - Fe(VI) alone (Fig. 4B). The high surface area and 360 

charge properties of clay play a major role in improving the effectiveness of clay as an 361 

adsorbent (Sengco et al., 2001). The removal ability of Fe(VI) coagulant was further 362 

enhanced with clays in reducing AOM fractions by increasing its adhesiveness (König and 363 

Shulami, 2012). LMW removal with CFS - Fe(VI) + Clay was less than the removal achieved 364 

by CFS - Fe(VI), indicating that clay did not enhance the role of Fe(VI) in LMW removal 365 

(Figs. 5C, and 5D). It is worth noting that the LMW are byproducts of the oxidation of larger 366 

AOM molecules by liquid ferrate. Generally, there was no difference in the removal 367 

efficiency of AOM concentration with the use of CFS - Fe(VI) + kaolin clay vs. CFS - Fe(VI) + 368 

montmorillonite clay (Fig. 5), while the removal efficiencies obtained while combining the 369 

coagulant with the coagulant aid were higher than those with coagulant alone. 370 
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The use of CFS - Fe(VI) + Clay significantly reduced concentrations of PN and PS with 371 

removal efficiencies more than double those achieved with CFS - Fe(VI) (Figs. 6A, and 6B). 372 

Results show that the clay plays a critical role in protein binding and adsorption 373 

mechanisms (Yu et al., 2013). One of the main advantages of clay is its ability to adsorb 374 

proteins and nucleic acids (DNA, RNA) due to its active surface (Sengco et al., 2001; Yu et 375 

al., 2013). The better performance that was achieved in terms of algal bloom treatment 376 

with use of coagulant aids can be attributed to this property. The surface area, cation 377 

exchange capacity, charge density and swelling degree of clays control their adsorption 378 

abilities (König and Shulami, 2012; Pan et al., 2006). Fe(VI) can achieve high removal of 379 

organic matter, turbidity and microorganisms because it can act as a coagulant, disinfectant 380 

and oxidant at the same time. Fe(VI) can also increase the net positive charge of the clay by 381 

modifying the surface charge and thus the adsorption capacity. This effect suggests that the 382 

sedimentation and removal capacity will be further increased. As seen from our results, 383 

applying CFS - Fe(VI) + Clay can reduce the biofouling potential by producing residuals and 384 

sludge of the coagulant and coagulant aids in SWRO desalination plants, which ultimately 385 

will help in improving the efficiency of  SWRO desalination pretreatment. 386 

5. Conclusion 387 

In this study, the efficiency of liquid ferrate and clays were evaluated as alternative 388 

coagulants during high turbidity events. Low dosages (0.01mg/L, 0.10 mg/L, and 1.00 389 

mg/L) of liquid ferrate, kaolin, and montmorillonite were used to improve the performance 390 

of a CFS pretreatment process during HABs.  391 

A low dosage of liquid Fe(VI) (58% yield) (0.01 mg/L) in CFS pretreatment was effective in 392 

reducing the fouling potential of several key foulants present in seawater; e.g., turbidity, 393 

algal cells, DOC, BP, and BB.  A low dosage of clay (kaolin vs. montmorillonite) (0.01 mg/L) 394 

in CFS pretreatment during HABs led to an improvement of the seawater quality with the 395 

reduction of the fouling potential. Both clays tested in this study showed similar removal 396 

efficiencies.   397 
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Combining the low dosages of 0.01 mg/L of Fe(VI) and 0.01 mg/L of kaolin vs. 398 

montmorillonite clays in CFS was found to be effective for removing turbidity, organic 399 

carbon, and algal cells. However, the LMW-N, and LMW-A removals were lower with CFS - 400 

Fe(VI) + clay configurations in comparison with CFS – Fe(VI) alone and CFS – kaolin or CFS 401 

– montmorillonite alone. Overall, the combined configuration has the potential to be an 402 

efficient pretreatment option during algal bloom events, reducing the negative impact of 403 

algal bloom events on SWRO facilities.  This strategy achieves high removals of key foulants 404 

of RO membranes while also reducing chemical consumption and subsequently sludge 405 

production compared to conventional coagulation due to the low doses of coagulants 406 

required.  407 

Acknowledgements 408 

The research reported in this paper was supported by funding from King Abdullah 409 

University of Science and Technology (KAUST). The authors acknowledge help, assistance 410 

and support from the Water Desalination and Reuse Center (WDRC) staff.  411 

Jo
urn

al 
Pre-

pro
of



 24 

References  412 

Al-Ghamdi, M.A., Alhadidi, A., Ghaffour, N., 2019. Membrane backwash cleaning using CO2 413 
nucleation. Water Res. 165, 114985. 414 
https://doi.org/https://doi.org/10.1016/j.watres.2019.114985 415 

Alshahri, A.H., Fortunato, L., Ghaffour, N., Leiknes, T., 2019. Advanced coagulation using in-416 
situ generated liquid ferrate, Fe (VI), for enhanced pretreatment in seawater RO 417 
desalination during algal blooms. Sci. Total Environ. 685, 1193–1200. 418 
https://doi.org/10.1016/J.SCITOTENV.2019.06.286 419 

Alshahri, A.H., Fortunato, L., Zaouri, N., Ghaffour, N., Leiknes, T., 2021. Role of dissolved air 420 
flotation (DAF) and liquid ferrate on mitigation of algal organic matter (AOM) during 421 
algal bloom events in RO desalination. Sep. Purif. Technol. 256, 117795. 422 
https://doi.org/https://doi.org/10.1016/j.seppur.2020.117795 423 

Alshahri, A.H.A.H., Dehwah, A.H.A.A.H.A., Leiknes, T., Missimer, T.M.T.M., 2017. Organic 424 
carbon movement through two SWRO facilities from source water to pretreatment to 425 
product with relevance to membrane biofouling. Desalination 407, 52–60. 426 

Amy, G., Ghaffour, N., Li, Z., Francis, L., Linares, R.V., Missimer, T., Lattemann, S., 2017. 427 
Membrane-based seawater desalination: Present and future prospects. Desalination 428 
401, 16–21. https://doi.org/10.1016/J.DESAL.2016.10.002 429 

Anderson, D.M., 1997. Turning back the harmful red tide. Nature 388, 513–514. 430 
https://doi.org/10.1038/41415 431 

Aquino, A.J.A., Tunega, D., Haberhauer, G., Gerzabek, M.H., Lischka, H., 2003. Adsorption of 432 
organic substances on broken clay surfaces: a quantum chemical study. J. Comput. 433 
Chem. 24, 1853–1863. 434 

Avnimelech, Y., Troeger, B.W., Reed, L.W., 1982. Mutual flocculation of algae and clay: 435 
evidence and implications. Science (80-. ). 216, 63–65. 436 

Becker, E.W., 1994. Microalgae: biotechnology and microbiology. Cambridge University 437 
Press. 438 

Caron, D.A., Garneau, M.-È., Seubert, E., Howard, M.D.A.A., Darjany, L., Schnetzer, A., Cetinić, 439 
I., Filteau, G., Lauri, P., Jones, B., Trussell, S., 2010. Harmful algae and their potential 440 
impacts on desalination operations off southern California. water Res. 44, 385–416. 441 
https://doi.org/10.1016/J.WATRES.2009.06.051 442 

Cha, G., Choi, S., Lee, H., Kim, K., Ahn, S., Hong, S., 2020. Improving energy efficiency of 443 
pretreatment for seawater desalination during algal blooms using a novel meshed 444 
tube filtration process. Desalination 486, 114477. 445 
https://doi.org/https://doi.org/10.1016/j.desal.2020.114477 446 

Dehwah, A.H.A., Al-Mashharawi, S., Ng, K.C., Missimer, T.M., 2017. Aquifer treatment of sea 447 
water to remove natural organic matter before desalination. Groundwater 55, 316–448 
326. 449 

Dehwah, A.H.A., Missimer, T.M., 2017. Seabed gallery intakes: Investigation of the water 450 
pretreatment effectiveness of the active layer using a long-term column experiment. 451 

Jo
urn

al 
Pre-

pro
of



 25 

Water Res. 121, 95–108. 452 

Dehwah, A.H.A., Missimer, T.M., 2016. Subsurface intake systems: Green choice for 453 
improving feed water quality at SWRO desalination plants, Jeddah, Saudi Arabia. 454 
Water Res. 88, 216–224. https://doi.org/10.1016/J.WATRES.2015.10.011 455 

Dixon, M.B., Boerlage, S.F.E., Voutchkov, N., Henderson, R., Wilf, M., Zhu, I., Assiyeh Alizadeh 456 
Tabatabai, S., Amato, T., Resosudarmo, A., Pearce, G.K., 2017. Algal biomass 457 
pretreatment in Seawater Reverse Osmosis. 458 

Edzwald, J.K., Haarhoff, J., 2011. Seawater pretreatment for reverse osmosis: Chemistry, 459 
contaminants, and coagulation. Water Res. 45, 5428–5440. 460 
https://doi.org/10.1016/j.watres.2011.08.014 461 

Feddal, I., Ramdani, A., Taleb, S., Gaigneaux, E.M., Batis, N., Ghaffour, N., 2014. Adsorption 462 
capacity of methylene blue, an organic pollutant, by montmorillonite clay. Desalin. 463 
Water Treat. 52, 2654–2661. 464 

Fortunato, L., Alshahri, A.H., Farinha, A.S.F., Zakzouk, I., Jeong, S., Leiknes, T., 2020. Fouling 465 
investigation of a full-scale seawater reverse osmosis desalination (SWRO) plant on 466 
the Red Sea: Membrane autopsy and pretreatment efficiency. Desalination 114536. 467 
https://doi.org/https://doi.org/10.1016/j.desal.2020.114536 468 

Fortunato, L., Bucs, S., Linares, R.V., Cali, C., Vrouwenvelder, J.S., Leiknes, T., 2017. Spatially-469 
resolved in-situ quantification of biofouling using optical coherence tomography 470 
(OCT) and 3D image analysis in a spacer filled channel. J. Memb. Sci. 524, 673–681. 471 
https://doi.org/10.1016/J.MEMSCI.2016.11.052 472 

Fortunato, L., Jang, Y., Lee, J.-G., Jeong, S., Lee, S., Leiknes, T., Ghaffour, N., 2018. Fouling 473 
development in direct contact membrane distillation: Non-invasive monitoring and 474 
destructive analysis. Water Res. 132. https://doi.org/10.1016/j.watres.2017.12.059 475 

Greenlee, L.F., Lawler, D.F., Freeman, B.D., Marrot, B., Moulin, P., 2009. Reverse osmosis 476 
desalination: Water sources, technology, and today’s challenges. Water Res. 43, 2317–477 
2348. https://doi.org/10.1016/j.watres.2009.03.010 478 

Harvey, N.J., ur Rehman, Z., Leiknes, T., Ghaffour, N., Urakawa, H., Missimer, T.M., 2020. 479 
Organic compounds and microbial assessment of a seawater reverse osmosis facility at 480 
Tampa Bay Water, USA. Desalination 496, 114735. 481 
https://doi.org/https://doi.org/10.1016/j.desal.2020.114735 482 

Imai, I., Yamaguchi, M., Hori, Y., 2006. Eutrophication and occurrences of harmful algal 483 
blooms in the Seto Inland Sea, Japan. Plankt. Benthos Res. 1, 71–84. 484 

Jiang, J.-Q., Lloyd, B., 2002. Progress in the development and use of ferrate(VI) salt as an 485 
oxidant and coagulant for water and wastewater treatment. Water Res. 36, 1397–486 
1408. https://doi.org/https://doi.org/10.1016/S0043-1354(01)00358-X 487 

Jiménez, S., Micó, M.M., Arnaldos, M., Ferrero, E., Malfeito, J.J., Medina, F., Contreras, S., 2017. 488 
Integrated processes for produced water polishing: Enhanced flotation/sedimentation 489 
combined with advanced oxidation processes. Chemosphere 168, 309–317. 490 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2016.10.055 491 

Johnston, C.T., 1996. Sorption of organic compounds on clay minerals, in: Organic 492 

Jo
urn

al 
Pre-

pro
of



 26 

Pollutants in the Environment. The Clay Minerals Society. 493 

Khan, B.K., Fortunato, L., Leiknes, T., 2019. Early biofouling detection using fluorescence-494 
based extracellular enzyme activity. Enzyme Microb. Technol. 120, 43–51. 495 
https://doi.org/https://doi.org/10.1016/j.enzmictec.2018.10.001 496 

König, T.N., Shulami, S., 2012. Brine wastewater pretreatment using clay minerals and 497 
organoclays as flocculants. Appl. Clay Sci. 67–68, 119–124. 498 
https://doi.org/10.1016/J.CLAY.2012.05.009 499 

Lee, Y., Cho, M., Kim, J.Y., Yoon, J., 2004. Chemistry of ferrate (Fe (VI)) in aqueous solution 500 
and its applications as a green chemical. J. Ind. Eng. Chem. 10, 161–171. 501 

Liu, J., Mulenos, M.R., Hockaday, W.C., Sayes, C.M., Sharma, V.K., 2021. Ferrate(VI) 502 
pretreatment of water containing natural organic matter, bromide, and iodide: A 503 
potential strategy to control soluble lead release from PbO2(s). Chemosphere 263, 504 
128035. https://doi.org/https://doi.org/10.1016/j.chemosphere.2020.128035 505 

Liu, Y.-L., Walker, H.W., Lenhart, J.J., 2019. Adsorption of microcystin-LR onto kaolinite, 506 
illite and montmorillonite. Chemosphere 220, 696–705. 507 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2018.12.137 508 

Pan, G., Zhang, M.-M., Chen, H., Zou, H., Yan, H., 2006. Removal of cyanobacterial blooms in 509 
Taihu Lake using local soils. I. Equilibrium and kinetic screening on the flocculation of 510 
Microcystis aeruginosa using commercially available clays and minerals. Environ. 511 
Pollut. 141, 195–200. https://doi.org/10.1016/J.ENVPOL.2005.08.041 512 

Pierce, R.H., Henry, M.S., Higham, C.J., Blum, P., Sengco, M.R., Anderson, D.M., 2004. Removal 513 
of harmful algal cells (Karenia brevis) and toxins from seawater culture by clay 514 
flocculation. Harmful Algae 3, 141–148. https://doi.org/10.1016/J.HAL.2003.09.003 515 

Prest, E.I., Hammes, F., Kötzsch, S., van Loosdrecht, M.C.M., Vrouwenvelder, J.S., 2013. 516 
Monitoring microbiological changes in drinking water systems using a fast and 517 
reproducible flow cytometric method. Water Res. 47, 7131–7142. 518 
https://doi.org/10.1016/j.watres.2013.07.051 519 

Prihasto, N., Liu, Q.-F., Kim, S.-H., 2009. Pre-treatment strategies for seawater desalination 520 
by reverse osmosis system. Desalination 249, 308–316. 521 
https://doi.org/10.1016/J.DESAL.2008.09.010 522 

Qin, C., Shang, C., Xia, K., 2019. Removal of 17β-estradiol from secondary wastewater 523 
treatment plant effluent using Fe3+-Saturated montmorillonite. Chemosphere 224, 524 
480–486. https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.02.150 525 

Ramdani, A., Taleb, S., Benghalem, A., Ghaffour, N., 2010. Removal of excess fluoride ions 526 
from Saharan brackish water by adsorption on natural materials. Desalination 250, 527 
408–413. https://doi.org/https://doi.org/10.1016/j.desal.2009.09.066 528 

Rytwo, G., Varman, H., Bluvshtein, N., König, T.N., Mendelovits, A., Sandler, A., 2011. 529 
Adsorption of berberine on commercial minerals. Appl. Clay Sci. 51, 43–50. 530 
https://doi.org/10.1016/J.CLAY.2010.10.031 531 

Sengco, M.R., 2001. The aggregation of clay minerals and marine microalgal cells: 532 
physicochemical theory and implications for controlling harmful algal blooms. 533 

Jo
urn

al 
Pre-

pro
of



 27 

MASSACHUSETTS INST OF TECH CAMBRIDGE. 534 

SENGCO, M.R., ANDERSON, D.M., 2004. Controlling Harmful Algal Blooms Through Clay 535 
Flocculation 1. J. Eukaryot. Microbiol. 51, 169–172. 536 

Sengco, M.R., Li, A., Tugend, K., Kulis, D., Anderson, D.M., 2001. Removal of red-and brown-537 
tide cells using clay flocculation. I. Laboratory culture experiments with Gymnodinium 538 
breve and Aureococcus anophagefferens. Mar. Ecol. Prog. Ser. 210, 41–53. 539 

Sharma, V., 2002. Potassium ferrate (VI): an environmentally friendly oxidant. Adv. 540 
Environ. Res. 2002, 143–156. https://doi.org/10.1016/S1093-0191(01)00119-8 541 

Sharma, V.K., 2007. Disinfection performance of Fe(VI) in water and wastewater: A review. 542 
Water Sci. Technol. 55, 225–232. https://doi.org/10.2166/wst.2007.019 543 

Tabatabai, S.A.A., Schippers, J.C., Kennedy, M.D., 2014. Effect of coagulation on fouling 544 
potential and removal of algal organic matter in ultrafiltration pretreatment to 545 
seawater reverse osmosis. water Res. 59, 283–294. 546 

Talaiekhozani, A., Talaei, M.R., Rezania, S., 2017. An overview on production and 547 
application of ferrate (VI) for chemical oxidation, coagulation and disinfection of water 548 
and wastewater. J. Environ. Chem. Eng. 5, 1828–1842. 549 
https://doi.org/10.1016/j.jece.2017.03.025 550 

Thompson, G.W., Ockerman, L.T., Schreyer, J.M., 1951. Preparation and Purification of 551 
Potassium Ferrate. VI. J. Am. Chem. Soc. 73, 1379–1381. 552 
https://doi.org/10.1021/ja01147a536 553 

Timmer, N., Gore, D., Sanders, D., Gouin, T., Droge, S.T.J., 2020. Application of seven different 554 
clay types in sorbent-modified biodegradability studies with cationic biocides. 555 
Chemosphere 245, 125643. 556 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.125643 557 

Villacorte, L.O., Tabatabai, S.A.A., Anderson, D.M., Amy, G.L., Schippers, J.C., Kennedy, M.D., 558 
2015. Seawater reverse osmosis desalination and (harmful) algal blooms. Desalination 559 
360, 61–80. https://doi.org/10.1016/J.DESAL.2015.01.007 560 

Wu, X., Tang, A., Bi, X., Nguyen, T.H., Yuan, B., 2019. Influence of algal organic matter of 561 
Microcystis aeruginosa on ferrate decay and MS2 bacteriophage inactivation. 562 
Chemosphere 236, 124727. 563 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.124727 564 

Yu, W.H., Li, N., Tong, D.S., Zhou, C.H., Lin, C.X. (Cynthia), Xu, C.Y., 2013. Adsorption of 565 
proteins and nucleic acids on clay minerals and their interactions: A review. Appl. Clay 566 
Sci. 80–81, 443–452. https://doi.org/10.1016/J.CLAY.2013.06.003 567 

Zhang, H., Zheng, L., Li, Z., Pi, K., Deng, Y., 2020. One-step Ferrate(VI) treatment as a core 568 
process for alternative drinking water treatment. Chemosphere 242, 125134. 569 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.125134 570 

Zhang, R., Liu, Y., He, M., Su, Y., Zhao, X., Elimelech, M., Jiang, Z., 2016. Antifouling 571 
membranes for sustainable water purification: strategies and mechanisms. Chem. Soc. 572 
Rev. 45, 5888–5924. 573 

 574 

Jo
urn

al 
Pre-

pro
of



Highlights 

• Clay and/or liquid ferrate were used in reverse osmosis desalination pretreatment   

• 0.01mg/L of clay led to marked reduction of suspended solids and organic  

• Low doses of Fe(VI) and clay efficiently controlled removal of organics and cells 

• 0.01mg/L of Fe(VI) (58% yield) was effective in removing AOM and cells  
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