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Efficient treatment technologies are needed to address the increased presence of contaminants in 

wastewater effluents and to protect ecosystems in receiving water bodies. Ferrate (Fe(VI)) iron 

oxide is a high valence (+6), environmentally friendly chemical widely investigated for water 

treatment applications because of its demonstrated capacity for simultaneous oxidation, 

disinfection and coagulation. Furthermore, reduction of Fe(VI) produces non-toxic Fe(III) 

hydroxide phases that are commonly used as coagulants in water treatment. However, Fe(VI) 

redox potential, speciation and reactivity are pH dependent. Under alkaline pH conditions, 

Fe(VI) is chemically stable but possesses a lower redox potential (E0 = 0.72 V) which impedes 

Fe(VI) reactivity under environmentally relevant pH conditions. Previous studies have 

demonstrated that silica (SiO2) gels can stabilize Fe(VI) and catalyze oxidation of organic 

compounds by Fe(VI). However, the use of SiO2 gels during water treatment can result in 

additional solids that will need to be disposed of after Fe(VI) treatment. Additionally, in 

treatment systems with infiltration processes, the use of SiO2 gels can lead to frequent clogging.  

Therefore, to stabilize Fe(VI) reactivity and facilitate its deployment for wastewater effluent 

treatment application, this research seeks to develop, characterize and apply Fe(VI) coatings onto 

sand—a commonly used water filtration media with primary constituent (>80%) SiO2. Coating 



Fe(VI) onto sand substrates can facilitate multiple contaminant treatment pathways: (1) removal 

in the aqueous phase by aqueous Fe3+ ions; (2) sorption/coagulation with precipitated Fe(III) 

solids formed form Fe(VI) reduction; and (3) removal on the sand surface via sorption or 

oxidation by Fe(VI). To generate the composite, sand was first mixed with a silica precursor, 

tetraethyl orthosilicate, to improve binding affinity to Fe(VI). Then, the modified sand was added 

to a slurry of potassium ferrate to synthesize a stable Fe(VI)-coated sand composite media. 

Surface analyses techniques coupled with colorimetric methods confirmed the coating of Fe(VI) 

onto the sand surface. The aqueous stability of the media was driven by water chemistries (e.g., 

pH, buffering ions). Batch studies conducted to assess the Fe(VI)-coated sand reactivity revealed 

removal of phenol—a representative and commonly occurring trace organic compound and 

moiety in wastewater—was achieved at a faster rate by the composite than by application of 

aqueous K2FeO4 powder (51% removed after 5 min compared to 37%). Batch studies to evaluate 

the effects of pH and wastewater effluent ions on the media capacity for treatment of multiple 

contaminants (i.e., trace metals and trace organics) demonstrated that organic compound 

oxidation is favored at lower pH whereas metals sorption was enhanced at higher pH. 

Furthermore, the presence of divalent cations improved metals sorption due to the rapid 

production of Fe(III). The presence of effluent organic matter promoted formation of the more 

reactive Fe(V) and Fe(IV) species which led to an increased removal of organic compounds in a 

synthetic wastewater effluent matrix. This research highlights a novel media for advanced 

treatment of wastewater treatment and presents an opportunity for more effective deployment of 

Fe(VI) in water treatment applications, especially for filtration processes.
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Figure E2. Boxplots show the range of reported or calculated removal efficiencies of 

conventional organic and inorganic media for different stormwater contaminant categories tested 
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in 18 different studies (indicated by individual points for each specific media/contaminant pair). 

General media categories refer to grouped materials as follows: compost-based media (compost 

only and compost mixed with either sand, biochar, or activated carbon); woodchips-based 

(woodchips only and woodchips mixed with straw mulch or biochar); and iron-based (iron 

filings and iron filings mixed with sand, and iron hydroxides). General contaminant categories 

refer to grouped contaminants as follows: solids (total suspended and volatile suspended solids); 

pesticides (diuron, atrazine, fipronil, 2,4-dichlorophenoxyacetic acid, simazine, oryzalin and 

prometon); pathogens (E. coli, Enterococcus faecalis, total coliforms and fecal coliforms); other 

organics (tris(3-chloro-2propyl)phosphate, tris(2-chloroethyl)phosphate, perfluorooctanoic acid, 

perfluorooctanesulfonic acid, benzotriazole, 1H-benzotriazole, 5-methyl-1H-benzotriazole, and 

total organic carbon); nutrients (total P, orthophosphates, total P, total Kjeldahl nitrogen, NH4
+, 

and NO3
-); metals (As, Cd, Cu, Cr, Ni, Pb and Zn); and hydrocarbons (total petroleum 

hydrocarbons, motor oil, naphthalene, phenanthrene and benzo(a)pyrene). 

Figure E3. Column breakthrough results for removal of select metals and organic contaminants 

in columns amended with (A) 3 wt% biochar-97 wt% sand columns and columns with (B) virgin 

sand. The feed solutions contained 10 µg/L of each contaminant in (1) a synthetic stormwater 

matrix and in (2) the same synthetic stormwater matrix with 5 mg-C/L DOC. 24D = 2,4-

dichlorophenoxyacetic acid. DIU = diuron, PFOA = perfluorooctanoic acid. The figure was 

created with permission from the authors (Ray et al., 2019) 

Figure E4. Schematic illustrating how Phoslock®, a lanthanum (La3+)-modified bentonite clay 

can complex free phosphate (PO4
3-) in solution  

Figure E5. Schematic describing the synthesis of (A) polymer-clay composites and (B) 

surfactant modified zeolites. Polymer-clay composites are typically synthesized by (A1) mixing 

polycations and negatively charged phyllosilicate clays.  Mono- and di-valent cations within the 

clay layers are exchanged with the positively charged monomers to create an (A2) organoclay, 

reversing the negative surface charge of the clay. Further addition of polycation will generate a 

(A3) composite of positively charged organoclays functionalized with hydrophobic domains to 

adsorb negatively charged species (e.g., CrO4
2-) as well as organic compounds (e.g., benzene). 

(B1) Surfactant-modified zeolite synthesis undergoes a similar exchange of mono- and di-valent 

cations with a positively charged surfactant, such as hexadecyltrimethylammonium bromide. 

(B2a) The positively charged polar head groups will adsorb to the negatively charged zeolite 

surface exposing the hydrophobic surfactant tail, which can bind organic compounds. (B2b) If 

enough surfactant is added to induce micelle formation (e.g., critical micelle concentration 

(CMC) is reached), additional adsorption of negatively charged species can occur on the 

modified zeolite composite. 
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Chapter 1. Ferrate (Fe(VI)) Iron Oxide for Multifunctional 

Water Treatment 

1.1. Motivation 
Increased population growth coupled with the overuse of anthropogenic chemicals has led 

to the increased presence of chemical contaminants in wastewater.1, 2 Chemicals such as 

micropollutants and metals enter wastewater treatment plants from households, workplaces, 

surface runoff and many other sources.2-4 This multitude of contaminants from varied origins 

lead to complex wastewater matrices which places a performance and operational burden on 

existing wastewater treatment systems that are not well equipped for treatment of these 

contaminants.5 If not treated well, these contaminants will enter natural water sources (e.g., 

groundwater, surface water) through wastewater discharges.  In fact, wastewater effluents are 

considered a major point source of pollution.2, 6  

Conventional wastewater treatment systems are primarily designed to achieve the removal 

of solid wastes and suspended solids via coagulation and sedimentation processes (i.e., primary 

treatment) and the removal of nutrients (i.e., phosphorus and nitrogen) and biodegradable organic 

matter via biological treatment (i.e., secondary treatment).2, 7Additionally, microorganisms are 

treated via disinfection.7 Metals and organic compounds can be removed via sorption to particles 

and microbial biomass that are removed during the coagulation and separation processes. 

Organic compounds can also be transformed and/or mineralized during biological treatment. 

However, complete degradation of these contaminants is not achieved. In particular, 

conventional wastewater treatment systems only achieve about 50% removal of their 

micropollutant loads, and the removal is contaminant specific.2, 8 For example, the presence of 

these contaminant types in secondary wastewater effluents are still reported at trace level 
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concentrations (i.e., nanograms per liter to micrograms per liter).3, 4, 9, 10 The compounding 

effects of multiple trace contaminants can lead to chronic effects in receiving streams.11 For 

example, the discharge of untreated antibiotics from wastewater treatment plants into aquatic 

environments can lead to an increase in antibiotic-resistant genes in bacteria12, 13 in surface 

waters that may be used as drinking water sources. Studies have reported reproductive14, 15 and 

histopathological14 effects in fishes from effluent-dominated streams. For example, Kidd et al. 

observed the feminization of male fishes exposed to wastewater discharges.16 The seven-year 

study done in northwestern Ontario, Canada reported the presence of endocrine disrupting 

compounds (e.g., 17β-estradiol, 17α-ethynylestradiol, nonyphenol) in lakes receiving wastewater 

effluent.16 Fathead minnow chronically exposed to these compounds experienced reproductive 

effects such as the production of vitellogenin mRNA (a protein normally synthesized by females 

during oocyte maturation) and impacts on gonadal development.16 Vajda et al. also reported 

reproductive effects in fishes exposed to wastewater effluents.15 They investigated white suckers 

upstream and downstream of wastewater treatment plant in Boulder, CO. They noticed the 

presence of intersex fish in the downstream location, but not upstream of the plant.15 They also 

observed disrupted ovarian and testicular histopathology and vitellogenin production in male 

white suckers.15 Analyses of the wastewater effluent revealed the presence of 17β-estradiol, 17α-

ethynylestradiol, alkylphenols and bisphenol A at a total estrogen equivalence of 31 ng/L.15 This 

highlights the potential toxicity of low concentrations of wastewater effluent contaminants. 

Process optimization and additional treatment processes (i.e., tertiary treatment) have been 

added to wastewater treatment trains to enhance the removal of trace metals and trace organics 

during wastewater treatment. For example, activated carbon can be used as a polishing step to 

achieve sorption of trace metals and trace organics after biological treatment.7 Additionally, 



14 
 

ozone and chlorine have been conventionally used as oxidants for organic compounds 

remediation in tertiary treatment.2, 17 They can also be added after conventional secondary 

treatment for disinfection purposes,7 which promotes to the abiotic degradation of organic 

compounds during secondary treatment. However, their application can lead to formation of 

harmful inorganic (e.g., chlorate and bromate)18 and organic (e.g., trihalomethanes and haloacetic 

acids)18, 19 byproducts.5, 20 For example, N-nitrosodimethylamine (NDMA), a potent human 

carcinogen generated from the oxidation of amino-containing compounds such as dimethylamine 

and 1,1-dimethylhydrazine, has been detected after ozonation of secondary wastewater 

effluents.21, 22 Various advanced oxidation processes (AOPs) have been explored to enhance 

degradation of organic compounds in water. While effective, other AOPs such as ultraviolet 

(UV)-AOPs (e.g., combination of UV and chlorine,23, 24 combination of UV and hydrogen 

peroxide25), electrochemical AOPs,26 Fenton processes27 sometimes exhibit complications and 

other limitations that reduce their effectiveness and safety for water treatment.5 For example, 

during Fenton reactions, reactive hydroxy radicals (OH·) are formed from the reaction of ferrous 

ions and hydrogen peroxide.5, 28 However, this process requires acidic pH conditions and 

contributes to precipitation of Fe(III) solid waste,5, 29 which necessitates further steps (i.e., pH 

neutralization, solids disposal) after treatment.  

Highly efficient treatment technologies are needed to address the continuing degradation of 

water quality and water shortages challenges. Increasing population growth has led to increased 

water demands. Some cities and communities facing water shortage crises are increasingly 

considering treated wastewater for augmentation of water sources.7, 21, 30 The potential for direct 

potable reuse has especially gained momentum in arid regions.30 Thus, treatment technologies 
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with very minimal negative consequences will be needed to ensure a high quality for the 

wastewater effluent that will be reclaimed for potable use.  

1.2. Ferrate Application in Water Treatment 
Ferrate (FeO4

2-; Fe(VI)) is a high-valent iron oxide with a tetrahedral structure composed 

of an iron atom centered by four oxygen atoms (Figure 1.1). Over the last few decades, Fe(VI) 

has emerged as a promising water treatment technology investigated for diverse applications in 

green organic synthesis,31 waste remediation,32 and iron batteries synthesis.33, 34 

The advantage of Fe(VI) application in water treatment is its ability to participate in 

multiple modes of contaminant remediation. Fe(VI) has been investigated in numerous studies 

with a demonstrated ability to treat a wide range of organic compounds (e.g., pharmaceuticals,36-

42 herbicides,43 and other micropollutants31, 44, 45), inorganic pollutants (e.g., Cu,46-48 As,48-50 

Mn,47, 51 Zn47, 48) and microorganisms.48, 52-54 Its multifunctional properties as an oxidant, 

coagulant and disinfectant make it an attractive technology for water treatment. Furthermore, the 

degradation product of Fe(VI) is nontoxic Fe(III) species via chemical or biological reduction of 

the +6 valence state, which has been leveraged in applications as coagulants54, 55 and 

adsorbents.56, 57 Thus the utilization of Fe(VI) can enable multiple types of treatment processes 

(i.e., oxidation, disinfection and coagulation) in a single unit, which presents economical and 

spatial benefits for water treatment systems.  

Table 1.1 shows that Fe(VI) possesses a high redox potential compared to other 

commonly used oxidants, indicating that Fe(VI) has a greater capacity for organic compounds 

Figure 1.1. Resonance hybrid structures of ferrate. 35 
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oxidation. Furthermore, compared to ozone and chlorine, Fe(VI) is less reactive towards 

bromide58, 59 and has been shown to reduce the formation of brominated transformation 

byproducts compared to ozone.59-61 Han et al. reported that ozonation of 100 µg/L bromide in 

ultrapure water with an initial ozone concentration of 2.5 mg/L led to the formation of 20 µg/L 

bromate which is above the EPA bromate maximum contaminant level of 10 µg/L. However, a 

pretreatment with 1 mg/L of Fe(VI) completed inhibited bromate formation under identical 

conditions.62 In contrast, while Fe(VI) can react with iodide,58 studies have shown that drinking 

water pretreatment with Fe(VI) led to decreased formation of iodinated disinfection byproducts 

in chlorinated waters which ultimately results in lower overall cytotoxicity of the treated water.61 

Gombos et al. also reported reduced formation of disinfection byproducts during Fe(VI) 

treatment compared to chlorine treatment.63 Municipal wastewater secondary effluents were 

collected at a wastewater treatment plant and treated with chlorine and Fe(VI) separately in 

laboratory scale jar tests.63 For an initial adsorbable organic haloids (AOX) concentration 106 µg 

Cl- L-1, they measured 264 µg Cl- L-1 and 182 µg Cl- L-1 of AOX after treatment with chlorine 

(dose = 15 mg/L) and Fe(VI) (dose = 3 mg/L) respectively.63 

Table 1.1 Standard redox potential for different oxidants and disinfectants. 

Disinfectant/Oxidant Reactions E0 (V) 

Chlorine dioxide ClO2(aq) + e- → ClO2
- 0.954 

Dissolved oxygen O2(aq) + 4H+ + 4e- → 2H2O 1.229 

Chlorine Cl2(g) + 2e- → 2Cl- 1.358 

Perchlorate ClO4
- + 8H+ + 8e- → Cl- + 4H2O 1.389 

Hypochlorite HOCl + H+ + 2e- → Cl- + H2O 1.482 

Permanganate 
MnO4

- + 4H+ + 3e- → MnO2 + 2H2O 1.679 

MnO4
- + 8H+ + 5e- → Mn2+ + 4H2O 1.507 

Hydrogen peroxide H2O2 + 2H+ 2e- → 2H2O 1.776 

Ozone O3 + 2H+ +2e- → O2 + H2O 2.076 

Ferrate FeO4
2- + 8H+ + 3e- → Fe3+ + 4H2O 2.20 
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1.2.1. Organics 

Fe(VI) demonstrates high selectivity toward electron-donating organic compounds (e.g., 

phenols, amines, olefins, and anilines).44 The reactions of Fe(VI) with organic compounds follow 

second-order kinetics with values between 0.1-105 M-1 s-1 reported for reaction rate constants.45, 

64 For example, Karlesa et al. identified transformation products following oxidation of penicillin 

G and cephalexin by Fe(VI), and concluded that Fe(VI) attacks the electron rich thioether and 

amine moieties within these compounds.65 Furthermore, they reported a high reactivity (apparent 

second-order rate constants of 110-770 M-1 s-1) of Fe(VI) towards β-lactam antibiotics (penicillin 

G, cephalexin, cloxacillin, and amoxicillin) and observed more than 98% degradation in real 

wastewater effluent solutions spiked with 2 µM of the β-lactams.65 For compounds with olefinic 

functional groups (e.g., carbamazepine,66 tetracycline67), oxidation occurs through Fe(VI) 

electrophilic attack of the olefinic bond. In a study investigating the potential of Fe(VI) for the 

treatment of secondary wastewater effluent spiked with 68 selected endocrine disrupting 

chemicals and pharmaceuticals and personal care products (initial concentrations of 100 µg/L 

each), Yang et al. reported complete removal (>98%) of estrogenic compounds with electron-rich 

phenolic moieties (i.e., estrone, 17-beta-estradiol, 17-alpha-ehinylestradiol, diethylstilbestrol, 

bisphenol A, 4-tert-octylphenol and 4-nonlyphenol) when these compounds were exposed to a 

dose of 10 mg/L of Fe(VI) for 1 min.42 However, Fe(VI) did not react with electron withdrawing 

compounds such as triclocarban or cycloalkane compounds such as epi-androsterone and 5-

alpha-dihydrotesterone despite longer exposure time up to 3 hours.42 Nevertheless, at lower 

concentrations (0.2±0.1 to 1156±192 ng/L) as detected in the secondary effluents of two 

wastewater effluents of two wastewater treatment plants, the oxidation of the recalcitrant 

compounds (i.e., triclocarban, 2,4-dichlorophenoxyacetic acid, 2-methyl-4-chlorophenoxyacetic 

acid, clofibric acid, gemfibrozil, and erythromycicn-H2O) ranged from 10-100% when exposed 
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to 10 mg/L Fe(VI) for 3 hours.42 This demonstrates that Fe(VI) is an effective technology in the 

treatment of trace organics in polluted waters. 

Figure 1.2. Scheme of the oxidation mechanisms of organic compounds (X) by Fe(VI). Image 

taken from Sharma et al.32 
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The oxidation of organic compounds by Fe(VI) reportedly occurs through the following 

reactions: (i) a 1 e- transfer to form Fe(V) followed by a 2 e- transfer to form Fe(III); (ii) a 2e- 

transfer to form Fe(II) through a Fe(IV) intermediate; (iii) reaction of Fe(V) and/or Fe(IV) 

intermediates with the organic compound; (iv) oxygen atom transfer to the organic compound 

(Figure 1.2).32, 68 These mechanisms present multiple opportunities for oxidation of organic 

compounds by Fe(VI) during treatment. In particular, Fe(V) and Fe(IV) are four and two order of 

magnitude more reactive than Fe(VI) and can achieve greater oxidation of organic compounds.64, 

69-71 For example, Yates et al. observed that Fe(VI) achieved less than 5% removal of 

perfluorooctanesulfonate (initial concentration 0.779-1.252 mg/L) at pH 7 whereas Fe(V) and 

Fe(IV) achieved removal efficiencies of 17 and 34 % respectively.72 

1.2.2. Inorganics 

Although the majority of past studies have focused on the oxidation capacity of Fe(VI), in 

recent years researchers have also evaluated the ability of Fe(VI) to remove inorganic pollutants 

such as phosphates,45, 73 heavy metals,46, 49-51, 74, 75 and metal complexes70, 74, 76, 77 via coagulation. 

The reduction of Fe(VI) to Fe(III) facilitates in situ coagulation of inorganic contaminants. Lee et 

al. assessed the removal of phosphate by Fe(VI) using jar tests.45 For an  initial phosphate 

concentration of 3.5 mg/L, they reported that a Fe(VI) dose of 7.5 mg/L was sufficient to lower 

the phosphate concentration below 0.8 mg/L—the phosphate regulatory limit for wastewater 

discharge in Switzerland.45 Furthermore, they observed that at a similar Fe dose (7.5 mg/L) in the 

form of FeCl3 did not achieve similar results,45 which demonstrates Fe(VI) superior coagulative 

properties. 

Fe(VI) treatment of inorganic contaminants is achieved by sorption of the contaminants on 

Fe(VI) surface and sequestration within the structure of Fe(III) (hydr)oxides (i.e., γ-Fe2O3 and γ-

FeOOH) products of Fe(VI) reduction (Figure 1.3). Prucek et al. evaluated the mechanisms of 
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removal of metals (i.e., Ni, Cu, Al, Cd, and Co) by Fe(VI).46 They observed that while Cd only 

adsorbed on the surface of Fe(III) oxide/oxyhydroxide nanoparticles generated from Fe(VI) 

decomposition in water, the other metals (i.e., Co, Ni, Cu and Al) were either trapped within the 

crystal lattice of Fe(III) oxide phases or formed Fe-metal oxides complexes.46 This led to a 

greater removal (>95%) of the latter metals as opposed to Cd (70%).46 They identified that γ-

Fe2O3 and γ-FeOOH nanoparticles formed from Fe(VI) reduction78, 79 can trap small metal ions 

into nanoparticle tetrahedral sites, while larger metal ions are incorporated into octahedral sites.46 

Fe(VI) can also serve as an oxidant and sorbent for remediation of metals during water treatment. 

For example, removal of As and Mn in contaminated waters can occur via oxidation of As(III) 

and Mn(II) into As(V) and Mn(IV) phases followed by coagulation and precipitation.50, 51, 80 X-

ray photoelectron spectroscopy (XPS) analyses on Fe and Mn particles formed after reaction 

between Fe(VI) and Mn(II) revealed a binding energy peak at 49 eV similar to the Mn 3p peak 

observed at 49.1 eV for Mn(IV) (in the form of MnO2).
51 

 

Figure 1.3. Scheme of the removal of metals by Fe(VI). Image taken from Prucek et 

al.46 
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1.3. Challenges in Ferrate Application 

1.3.1. Effects of pH 

While Fe(VI) is a very promising reactive species, its chemical instability limits 

feasibility for deployment in water treatment applications.32 In aqueous solutions, Fe(VI) 

undergoes parallel and/or sequential reactions: (i) acid-base reactions to form H3FeO4
+, H2FeO4, 

HFeO4
-, FeO4

2-; (ii) decomposition into Fe(III) via  Fe(V), Fe(IV), Fe(II) and H2O2/O2 

intermediates; (iii) reactions with water molecules; and (iv) oxidation reactions with 

contaminants. Fe(VI) redox potential and speciation dependence on pH can affect these 

reactions. Under acidic and neutral pH conditions (pH < 7.3), Fe(VI) exists as the short-lived 

protonated H3FeO4
+, H2FeO4, and HFeO4

- which rapidly decompose into Fe(III) species and 

molecular oxygen (Figure 1.4). Studies have reported that this decomposition starts with the 

dimerization of the protonated species to form a differate (FeO7
2-) ion (Figure 1.4B, Eqs. 2, 4-7) 

which further decays into Fe(III) through Fe(V), Fe(IV), Fe(II) and H2O2/O2 intermediates 

(Figure 1.4B). This rapid degradation hinders Fe(VI) effectiveness towards organic compound 

oxidation. Furthermore, the electrochemical reduction potential is 2.2 V at acidic pH and 

decreases to 0.7 V at alkaline pH (Table 1.1). Thus, Fe(VI) reactivity is significantly reduced at 

environmentally relevant pH (pH 6-9). 
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1.3.2. Effects of Solution Composition 

In addition to pH, Fe(VI) stability is affected by aqueous constituents (e.g., ions, 

dissolved organic carbon, nutrients) such as those commonly found in wastewater effluent 

(Table 1.2). The self-decay of Fe(VI) and its reduction into Fe(III) can be catalyzed by these 

constituents. Schreyer and Ockerman reported a rapid decrease in Fe(VI) concentration in 

aqueous solutions containing potassium chloride, potassium nitrate and sodium chloride salts, 

with the sodium chloride having the most impact; however the mechanisms underlying these 

observations were not discussed.81 Divalent ions also exhibit negative effects on Fe(VI) stability.  

Figure 1.4. (A) Distribution of Fe(VI) species (black lines, right axis) and aqueous self-decay (blue line, 

left axis) as a function of pH (the pKa values for H3FeO4
+ (pKa1 = 1.6), H2FeO4 (pKa2 = 3.5) and HFeO4

- 

(pKa3 = 7.3) were obtained from Rush et al.74 and decay rate constants from Lee et al.75 (B) Scheme of 

Fe(VI) self-decay as proposed by Sharma et al.26 (C) Proposed reaction mechanisms for decay of Fe(VI) 

as proposed by Rush et al.74 
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Ma et al. measured O2 generated from the decomposition of Fe(VI) in the presence of Ca2+ and 

observed increased dissolved O2 levels as the Ca2+ concentration increased (Figure 1.5).82 

Density functional theory calculations revealed that the Ca2+ bridging of two Fe(VI) ions 

promotes the O–O coupling that 

onsets Fe(VI) self-decay.44, 79, 82 

Interestingly, Fe(III) can also 

catalyze the self-decay of 

Fe(VI)81, 83 via a first-order 

heterogenous reaction.83 

However, the presence of solutes 

such as phosphate, borate and 

carbonate ions can impede the 

catalytic effect of cations on Fe(VI) 

decay.83, 84 Interestingly, Fe(III) can 

also catalyze the self-decay of Fe(VI)81, 83 via a first-order heterogenous reaction.83 However, the 

presence of solutes such as phosphate, borate and carbonate ions can impede the catalytic effect 

of cations on Fe(VI) decay.83, 84 These ions form complexes with the Fe(III) products of Fe(VI) 

reduction and reduce the surface area that would otherwise be available for further Fe(III) solid 

phases formation. Phosphate ions exhibit the greatest stabilization effect (Figure 1.6) because of 

their affinity toward Fe(III).83 

 

Figure 1.5. Effects of Ca on O2 generation by Fe(VI) 

([K2FeO4] = 50 µM). The figure was taken from Ma et al.82 
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Table 1.2. Representative concentration ranges of aquatic species and pH in secondary wastewater 

effluent. DIC = dissolved inorganic carbon; DOC= dissolved organic carbon.  

constituent concentration unit references 

Na+ 0.04-8.7 

mM 

Wang and Lan85 

Ca2+ 0.03-1.3 Burton et al.86 

Mg2+ 0.04-1.6 Azoulay et al.87 

NO3
- 0.01-0.4 Xu et al.88 

Cl- 1.4-9.9 Burton et al.86 

PO4
3- 0.001-0.009 Pinter et al.89 

DIC 28-46.7 
mM-C 

Maizel et al.90 

DOC 0.17-2.75 Griffith et al.91 

pH 6.5-8.5  Lee et al.17 

Figure 1.6. Effects of inorganic buffering ions on the decomposition rate of Fe(VI) (50 µM) 

at pH 7.5. Initial Fe(VI) decomposition (rini) is reported on the y-axis. Sodium salts (sodium 

bicarbonate, sodium borate decahydrate, sodium phosphate dibasic) of the ions were used. 

The figure is taken from Jiang et al.83 
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Consequently, Fe(VI) oxidation of organic compounds during water treatment can be 

impeded by solutes that promote Fe(VI) decay. In the presence of Ca2+, Mg2+, SO4
2-, caffeine 

oxidation by Fe(VI) decreased by 11.8, 8.1 and 4.3% respectively.92 Similarly, Feng et al. 

reported a decrease in the oxidation of flumequine in the presence of Ca2+ and Mg2+.39 They also 

observed decreased oxidation in the presence of Fe(III).39 While fluorescence measurements 

indicated the complexation of Fe(III) and flumequine thus inhibiting Fe(VI) reaction with 

flumequine, no spectral changes were observed when Ca2+ and Mg2+ were present which 

indicates that these ions solely influenced Fe(VI) decay.39 Contrary to these results, Wang et al. 

observed that the presence of Mg2+, Ca2+, K+ and Na+ enhanced the oxidation of acetaminophen 

by Fe(VI) with Mg2+ exhibiting the most enhancement.93 The authors proposed that the metal 

cations promote the deprotonation of acetaminophen through metal complexation.93 This 

phenomenon releases H+ ions into solution which decreases the solution pH which will increase 

the oxidation capacity of Fe(VI).93  

Additionally, Fe(VI) aqueous stability and reactivity are affected by dissolved organic 

carbon. Jiang et al. observed more Fe(VI) stability in natural waters compared to laboratory 

deionized water.83 The authors hypothesized that dissolved natural organic matter (NOM) can 

coat and alter the surface of Fe(III) particles thus inhibiting further surface-promoted Fe(VI) 

decay.83 Conversely, Deng et al. reported the opposite effect and observed a rapid decay of 

Fe(VI) in the presence of NOM.94 They proposed that Fe(VI) decay in the presence of NOM is 

due to (i) reactions of Fe(VI) with NOM, (ii) Fe(VI) self-decay, and (iii) surface catalyzed decay 

of Fe(VI).94 Thus the extent of NOM effects on Fe(VI) stability will depend on the extent of 

reactions with NOM moieties. Furthermore, these reactions can reduce Fe(VI) reactivity and 

decrease the oxidation of organic contaminants by Fe(VI) during water treatment. For example, 
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Feng et al. reported a 40% decrease in the removal efficiency of flumequine by Fe(VI) in the 

presence of 15 mg/L humic acid commonly present in wastewater.95 Therefore, a pretreatment to 

remove NOM during wastewater treatment might be needed to optimize Fe(VI) treatment.  

1.4. Ferrate Reactivity Stabilization by Silica 
Researchers have explored different methods to overcome the limitations presented by 

Fe(VI) aqueous decomposition. Fe(VI) activation using chemicals96, 97 and solid materials98-100 

have been investigated to stabilize Fe(VI) and increase the oxidation efficiency for organic 

compounds by Fe(VI).98-100 Delaude and Laszlo tested different aluminosilicate materials as 

catalytic supports for the oxidation of benzyl alcohol by Fe(VI), and reported that the yield of the 

oxidation product benzaldehyde was greater (>90%) in the presence of a K10 montmorillonite 

clay.98 The authors hypothesized that the K10 clay provides a polar environment that can 

promote the adsorption of benzyl alcohol and subsequent oxidation by Fe(VI) on the clay 

surface.98 Al-Abduly and Sharma reported a 22% increase in the oxidation of dibenzothiophene 

at pH 8 in the presence of silica (SiO2) gels.100 Under the same conditions (i.e., pH 8, presence of 

SiO2 gels), Manoli et al. reported a 47% increase in the oxidation of caffeine compared to 

oxidation in the absence of SiO2 gels.99 Studies indicate that dissolved silicate (SiO4
2-) can retard 

the oxidation of Fe(II) to Fe(III) by occupying sorption sites on Fe(III) oxides produced during 

Fe(VI) reduction, thus preventing the binding of Fe(II) to these sites and further oxidation of 

Fe(II).101 Similarly, Manoli et al. proposed that interactions between Fe(VI) and SiO2 impede the 

self-decomposition of Fe(VI) and retards the electron transfer between Fe species (Fe(V), 

Fe(IV), Fe(III) and Fe(II)), thereby increasing Fe(VI) reactivity toward organic compounds. 

These studies clearly demonstrate the ability of SiO2 gels to stabilize Fe(VI), which could 

expand applicability of ferrate for water treatment. However, the role of the SiO2 gels is not well 
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understood. Furthermore, the use of silica gels to retard Fe(VI) reduction during treatment will 

create an additional solids waste stream that will need to be separated and/or replaced once 

ferrate is consumed.  The application of SiO2 gels water treatment systems with infiltration 

processes can be challenging due to the high water retention capacity of SiO2 gels.102 Therefore, 

more effective stabilization methods are needed to overcome the limitations of SiO2 gels and 

promote the application of SiO2 stabilized Fe(VI) in water treatment.  

1.5. Dissertation Objectives and Overview 
The research investigates the ability of SiO2 to stabilize Fe(VI) to develop a novel, Fe(VI)-

coated sand media for wastewater effluent treatment. Given the multimodal properties of Fe(VI) 

(i.e., oxidant, disinfectant, and coagulant), previous studies hypothesized that the use of Fe(VI) 

could reduce economical and spatial costs for water treatment plants by combining pre-

disinfection, oxidation, and coagulation into one unit.103 Similarly, the use of a Fe(VI)-coated 

sand media could be beneficial in water treatment systems that include filtration processes. 

Sand—composed of >80% SiO2 content104—is a widely used filtration media in (de)centralized 

water treatment. Particularly, Fe(VI)-coated sand would be an excellent candidate for treatment 

media to provide the simultaneous oxidation of organic pollutants and adsorption of heavy 

metals while maintaining high hydraulic conductivity.  

Chapter 2 presents a synthesis method for the Fe(VI)-coated sand composite media as well 

as its physicochemical characterization. A proof-of-concept study was also performed to evaluate 

the Fe(VI)-coated sand capacity for oxidation of phenol—a model wastewater contaminant—and 

the Fe(VI)-coated sand performance was compared to that of Fe(VI) powder. This work was 

published in Journal of Materials Chemistry A. In chapter 3, we assessed the Fe(VI)-coated sand 

reactivity in more complex matrices by evaluating the effect of pH and wastewater effluent ions 
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on the treatment of multiple contaminants (i.e., acetaminophen, benzotriazole, and 

sulfamethoxazole, copper, lead, zinc). These results are included in a manuscript recently 

accepted for publication in the Journal of ACS Environmental Au. In chapter 4, we probed the 

effects of effluent organic matter on the reactivity of the Fe(VI)-coated sand in a synthetic 

wastewater effluent. In chapter 5, applications of the Fe(VI)-coated sand in water treatment 

systems as well avenues for future research are discussed.  
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Chapter 2. Synthesis of Ferrate (Fe(VI))-coated Sand for 

Stabilized Reactivity and Enhanced Treatment of Phenol 
 

This chapter was previously published as: Okaikue-Woodi, F. E. K. and Ray J. R. Synthesis of 

Ferrate(Fe(VI))-coated sand for stabilized reactivity and enhanced treatment of phenol. J. Mater. 

Chem. A 2023, 11, 13550-13563. doi.org/10.1039/D3TA01950K. 

 

ABSTRACT 

 
Fe(VI)-coated sand was synthesized by coating potassium ferrate onto sand modified with a 

tetraethyl orthosilicate precursor. The mass of Fe(VI) leached from the media surface increased 

with increasing pH (pH 7–9). Furthermore, Fe(VI) decay was faster in a borate buffer (k = 2.22 

mg L-1 hr-1) than in a phosphate buffer (k = 3.39 mg L-1 hr-1). Removal of 219±12 µg/L phenol—

a representative wastewater organic compound—was achieved at a faster rate by the composite 

than by application of aqueous K2FeO4 powder (51% removed after 5 min compared to 37%). 

Decomposition of Fe(VI) from the composite surface in the presence of methyl phenyl sulfoxide 

(PMSO) suggests that reactive Fe(V) and Fe(IV) formation occurs at a faster rate than with 

K2FeO4 powder addition. In the presence of PMSO, phenol removal was approximately 1.1 times 

higher, which suggests Fe(V)/Fe(IV) involvement. This novel, cost-effective and eco-friendly 

media presents a viable alternative for more feasible deployment of Fe(VI) in water treatment 

systems. 

 

 

 

https://doi.org/10.1039/D3TA01950K


30 
 

2.1. Introduction 
Chemical oxidation is a critical process in water treatment to facilitate the destruction of 

harmful trace organic compounds such as pharmaceuticals and personal care products, pesticides, 

antibiotics, and industrial chemicals. Traditionally, chemical oxidation is achieved by addition of 

ozone21, 105 or chlorine21, 106 due to their potential for disinfection. However, the application of 

these chemicals can lead to the formation of harmful transformation products (e.g., halogenated 

byproducts5, 18, 62, 107, 108). For example, studies have reported increased estrogenic activity after 

ozonation109, 110 or chlorination109 of estrogenic compounds (e.g., bisphenol A) found in surface 

waters. Gomes et al. assessed the oxidation of a mixture of parabens—used as antimicrobial and 

preservatives in pharmaceuticals and personal care products—and reported quinone by-products 

with higher toxicity to D. magna, which also demonstrates the risks associated with use of 

conventional chemical oxidants.111 

Ferrate (Fe(VI)) has been explored as an alternative chemical to conventional oxidants. 

Fe(VI) is an environmentally benign iron oxyanion with a standard oxidation potential (E0) of 

2.2 V, which is greater than the oxidation potentials of chlorine (E0 = 1.36 V)55 and ozone (E
0 = 

2.08 V).55 Additionally, compared to chlorine and ozone, Fe(VI) is less reactive towards 

bromide58, 112 and has been shown to reduce the formation of brominated transformation 

byproducts during pre-oxidation of surface waters.61, 62, 112 Furthermore, the chemical reduction 

of Fe(VI) leads to the formation of naturally occurring, non-toxic ferric (i.e. Fe3+ or Fe(III)) 

species113, 114 which have been used as coagulants55, 56 and adsorbents55, 57 in water treatment. 

Fe(VI) has been investigated in numerous studies with a demonstrated ability to remediate a 

wide range of organic compounds (e.g., pharmaceuticals,36, 38-40, 42, 115 herbicides,43 and other 

micropollutants31, 44, 45). The oxidation of organic compounds by Fe(VI) occurs via (i) a 1 e- 

transfer to form Fe(V) followed by a 2 e- transfer to form Fe(III); (ii) a 2 e- transfer to form Fe(II) 
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through a Fe(IV) intermediate; (iii) reactions of Fe(V) and Fe(IV) with the compound; and (iv) 

an oxygen atom transfer to the compound.32, 68 Fe(VI) has high selectivity toward compounds 

with electron-donating moieties, but minimal reactivity toward compounds with electron-

withdrawing moieties.42 In addition, Fe(VI) has proven to be an effective coagulant46-48, 51 and 

disinfectant48, 53, 103 in water treatment. Therefore, the large standard oxidation potential and 

multifunctionality of Fe(VI) make it an attractive chemical for water treatment. 

While Fe(VI) is a very promising, benign treatment chemical, its deployment in water 

treatment applications is hindered by its aqueous properties. As the stability of the aqueous 

Fe(VI) chemical structure increases with solution pH, its  oxidation potential decreases. Under 

acidic conditions, Fe(VI) exists as the short-lived and highly reactive protonated species 

H3FeO4
+, H2FeO4, and HFeO4

- (Figure 2.1) which undergo hydrolysis reactions to form Fe(III) 

species via formation and decomposition of intermediate species Fe(V) and Fe(IV) phases.78, 116, 

Figure 2.1. (A) Speciation of Fe(VI) (left axis, black lines) and aqueous Fe(VI) self-decay rate (right 

axis, blue line) as a function of pH. (B) Distribution of the standard potential of iron species including 

Fe(VI) species. The pKa values: H3FeO4
+ (pKa = 1.6); H2FeO4 (pKa = 3.5); HFeO4

- (pKa = 7.3) were 

obtained from Rush et al.,74 and decay rate constants from Lee et al.75 Data for the standard potentials 

was obtained from Pogliani et al.130 and Wulfsberg.131 
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117 Under these conditions, Fe(VI) undergoes a kinetically fast decomposition (Figure 2.1A). In 

alkaline solutions, Fe(VI) exists as the stable and less reactive deprotonated species FeO4
2- 

(Figure 2.1) which also reacts with water to form Fe(III) via Fe(V) and Fe(IV) intermediate 

species formation.118 Consequently, these hydrolysis reactions compete with Fe(VI)-contaminant 

reactions during water treatment.  

In recent years, researchers have investigated methods to increase the Fe(VI) oxidizing 

power at environmentally relevant pH (pH 6-9).71, 119-124 For example, in addition to water, 

Fe(VI) reactions with organic compounds also generates Fe(V) and Fe(IV) intermediate species 

via one-electron and two-electron transfer respectively. Fe(V) and Fe(IV) species are reportedly 

two to four orders of magnitude more reactive than Fe(VI),125 but are highly unstable and can 

quickly react with water to self-decompose.44, 116, 117, 126 Thus, enhancing reactions between the 

short-lived, unstable Fe(V) and Fe(IV) species and the organic compounds would improve their 

oxidation by Fe(VI). To this end, researchers have employed activation agents such as 

sulfur(IV)-based reductants127-130 and silica (SiO2)
68, 131 to catalyze Fe(V)/Fe(IV) production. For 

example, Al-Abduly and Sharma reported a 22% increase in the oxidation of dibenzothiophene 

in the presence of SiO2 gels at pH 8.131 Under the same conditions (i.e., pH 8, presence of SiO2 

gels), Manoli et al. reported a 47% increase in the oxidation of caffeine compared to oxidation in 

the absence of SiO2 gels.68 The authors proposed that interactions between Fe(VI) and SiO2 

promotes the generation of Fe(V) and Fe(IV) species, and retards the self-decomposition of 

Fe(VI) to Fe(V) and Fe(IV) species, thereby increasing their exposure to organic compounds.68 

During Fe(VI) oxidation of organic compounds, redox reactions between Fe(VI) and lower 

valence iron species (e.g., Fe(II)) can occur (e.g., Fe(VI) + Fe(II) → Fe(V) + Fe(III); Fe(IV) + 

Fe(II) → 2 Fe(III))32 which will limit Fe(VI) exposure to organic compounds and decrease 
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Fe(VI) treatment efficacy. Studies have shown that dissolved silicate (SiO4
2-) can retard the 

heterogeneous oxidation of Fe(II) to Fe(III) by occupying sorption sites on Fe(III) oxides.132 

Thus, the presence of SiO2 would decrease the rate of redox reactions between iron species 

during Fe(VI) treatment of organic compounds. In this study, we exploit the stabilization 

properties of SiO2 to develop a novel, Fe(VI)-coated sand media for water treatment. Given the 

multimodal properties of Fe(VI) (i.e., oxidant, disinfectant, and coagulant), researchers 

hypothesize that the use of Fe(VI) could reduce economical and spatial costs for water treatment 

plants by combining pre-disinfection, oxidation, and coagulation into one unit.103 Therefore, the 

use of a Fe(VI)-coated sand media could be beneficial in water treatment systems that include 

filtration units as sand (composed of >80% SiO2 content133) is a widely used filtration media. To 

assess the oxidative capacity of the novel Fe(VI)-coated sand, we will use phenol as a model 

organic compound as many naturally occurring and anthropogenic contaminants detected in 

wastewater effluents42, 134 and surface waters42, 135, 136 contain phenolic moieties (e.g., natural 

organic matter, halogenated phenols, alkylphenols, and steroid estrogens). The objectives of this 

study are to: (1) establish a synthesis for the Fe(VI)-coated sand media and characterize its 

properties; (2) assess the capacity of Fe(VI)-coated sand for the treatment of organic 

contaminants, and (3) elucidate the mechanisms underlying the oxidation process and the role of 

SiO2 stabilization.  

2.2. Materials and Methods 

2.2.1. Chemicals 

All chemicals were ACS grade and higher unless stated otherwise. Calcium hypochlorite 

(Ca(OCl)2), ferric nitrate nonahydrate (Fe(NO3)3·9 H2O), and potassium hydroxide (KOH) were 

purchased from Fisher Scientific (Waltham, MA) and used in the synthesis of potassium ferrate 

(K2FeO4). Pentane (Sigma Aldrich, MO), methanol (JT Baker, NJ), and dichloromethane (Sigma 
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Aldrich) were used as organic solvent washes of the K2FeO4 solid. The Ottawa sand composite 

substrate was purchased from VWR (Radnor, PA). Tetraethyl orthosilicate (TeOS, Sigma 

Aldrich, MO) and nitric acid (HNO3, Fisher Scientific, MA) were used in the modification of the 

sand prior to Fe(VI) coating. Trace metals grade HNO3 was purchased from Fisher Scientific for 

total Fe measurements. Sodium tetraborate anhydrous (Na2B4O7, Across Organics, Belgium), 

sodium phosphate dibasic heptahydrate (Na2HPO4·7H2O, VWR, PA), sodium phosphate 

monobasic monohydrate (NaH2PO4·H2O, VWR, PA), acetic acid (Fisher Scientific, MA), 

sodium hydroxide (NaOH, Fisher Scientific, MA), and hydrochloric acid (HCl, Sigma Aldrich, 

MO) were used to prepare buffer solutions. Phenol (Sigma Aldrich, MO), methyl phenyl 

sulfoxide (PMSO, Sigma Aldrich, MO), methyl phenyl sulfone (PMSO2, Sigma Aldrich, MO), 

and sodium sulfite anhydrous (Na2SO3, Fisher Scientific, MA) were used in the organic 

compound removal experiments. 2,2’-azinobis-(3-ehtylbenzothiazoline-6-sulfonate) (ABTS), 3-

(2-Pyridyl)-5,6-diphenyl-1,2,4-traizine-4’,4’’-disulfonic acid sodium salt (ferrozine), ammonium 

acetate (Sigma Aldrich, MO), hydroxylamine hydrochloride (Beantown Chemical, NH), and 

potassium thiocyanate (KSCN, Fisher Scientific, MA) were purchased from Sigma Aldrich for 

measurements of aqueous Fe(VI), Fe(II), and Fe(III). High performance liquid chromatography 

(HPLC) grade formic acid (Agilent Technologies, CA), acetonitrile (Fisher Scientific, MA) and 

water (Fisher Scientific, MA) were used for HPLC analyses. All experiments were conducted 

using ultrapure Milli-Q water (resistivity: 18.2 mΩ). 

2.2.2. Synthesis of Fe(VI)-coated sand 

The Fe(VI)-coated sand was synthesized by adding sand to a solution of potassium ferrate. 

First, the Ottawa sand (30-40 mesh, >90% SiO2) was washed with 1 M HNO3 for 24 hours and 

rinsed with deionized water until the pH of the rinse solution was within pH 6-8. The washed 

sand was then dried at 105 °C for 24 hours in a VWR 1350G oven (Radnor, PA). To promote 
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binding of ferrate to the sand surface, 15 mL of TeOS was added to 30 g of pre-washed sand, 

mixed for 3 hours, and dried at 105 °C for 24 hours in a VWR 1350G oven. The TeOS modified 

sand, designated as TeOS-sand, was added to the potassium ferrate (K2FeO4) solution. The 

stability of the TeOS on the sand surface was tested by sonicating 15 mg of TeOS-sand in a 15 

ml of 10 mM Na2B4O7 buffer and analyzing the leachate via UV-Vis spectroscopy using a 

Shimadzu UV-2700 spectrophotometer (Kyoto, Japan). The resulting spectrum was compared to 

the spectrum of a 4 mL TeOS solution obtained on the same spectrophotometer. Another TeOS-

sand was also synthesized by mixing the TeOS (15 mL) and cleaned sand (30 g) for 24 hours 

before drying.  

The K2FeO4 solution was prepared via the wet oxidation process following a method adapted 

from Guan et al. (more information provided in Appendix A1).137 A saturated solution of 13 M 

KOH was prepared, chilled, and stored at 4 °C throughout the synthesis to maintain cold 

temperature conditions. Approximately 15 g of Ca(OCl)2 was added to 25 mL of the saturated 

KOH solution, then the mixture was stirred for 30-60 min and filtered using a Whatman glass 

microbore filter (grade GF/A) paper to obtain a yellow solution of potassium hypochlorite. An 

additional 20 mL of the saturated KOH solution was added to the yellow filtrate and the mixture 

was placed in an ice bath for 20-30 min to precipitate potassium chloride. The potassium 

chloride suspension was further filtered with a GF/A filter paper, then 8 g of pulverized ferric 

nitrate was added in small portions (~0.50 g/min) for 15 min to the filtrate solution under cooling 

conditions (4 °C) to form K2FeO4. A VWR recirculating chiller was used to maintain the 

temperature of the potassium ferrate throughout the synthesis. The generated solution of 

potassium ferrate was stirred for an hour before the addition of 50 mL of saturated KOH. The 

solution was vigorously stirred at 500 rpm for 5 min and left to stand for 30 min. Next, 25 g of 



36 
 

the TeOS-sand was added to the K2FeO4 solution and stirred for 24 hours at 4 °C to allow the 

Fe(VI) to coat the sand surface. The K2FeO4 supernatant was decanted, and the synthesized 

Fe(VI)-coated sand was centrifuged at 4000 rpm for 10 min to remove the excess solution before 

being dried in a VWR vacuum oven pumped with a RV12 Edwards pump for more than 24 

hours. The Fe(VI)-coated sand was stored under vacuum when not in use to limit exposure to air 

and prevent ferrate decomposition. The Fe(VI)-coated sand was synthesized by adding sand to a 

solution of potassium ferrate. First, the Ottawa sand (30-40 mesh, >90% SiO2) was washed with 

1 M HNO3 for 24 hours and rinsed with deionized water until the pH of the rinse solution was 

within pH 6-8. The washed sand was then dried at 105 °C for 24 hours in a VWR 1350G oven 

(Radnor, PA). To promote binding of ferrate to the sand surface, 15 mL of TeOS was added to 30 

g of pre-washed sand, mixed for 3 hours, and dried at 105 °C for 24 hours in a VWR 1350G 

oven. The TeOS modified sand, designated as TeOS-sand, was added to the potassium ferrate 

(K2FeO4) solution. The stability of the TeOS on the sand surface was tested by sonicating 15 mg 

of TeOS-sand in a 15 ml of 10 mM Na2B4O7 buffer and analyzing the leachate via UV-Vis 

spectroscopy using a Shimadzu UV-2700 spectrophotometer (Kyoto, Japan). The resulting 

spectrum was compared to the spectrum of a 4 mL TeOS solution obtained on the same 

spectrophotometer. Another TeOS-sand was also synthesized by mixing the TeOS (15 mL) and 

cleaned sand (30 g) for 24 hours before drying.  

The K2FeO4 solution was prepared via the wet oxidation process following a method adapted 

from Guan et al. (more information provided in Appendix A1).137 A saturated solution of 13 M 

KOH was prepared, chilled, and stored at 4 °C throughout the synthesis to maintain cold 

temperature conditions. Approximately 15 g of Ca(OCl)2 was added to 25 mL of the saturated 

KOH solution, then the mixture was stirred for 30-60 min and filtered using a Whatman glass 
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microbore filter (grade GF/A) paper to obtain a yellow solution of potassium hypochlorite. An 

additional 20 mL of the saturated KOH solution was added to the yellow filtrate and the mixture 

was placed in an ice bath for 20-30 min to precipitate potassium chloride. The potassium 

chloride suspension was further filtered with a GF/A filter paper, then 8 g of pulverized ferric 

nitrate was added in small portions (~0.50 g/min) for 15 min to the filtrate solution under cooling 

conditions (4 °C) to form K2FeO4. A VWR recirculating chiller was used to maintain the 

temperature of the potassium ferrate throughout the synthesis. The generated solution of 

potassium ferrate was stirred for an hour before the addition of 50 mL of saturated KOH. The 

solution was vigorously stirred at 500 rpm for 5 min and left to stand for 30 min. Next, 25 g of 

the TeOS-sand was added to the K2FeO4 solution and stirred for 24 hours at 4 °C to allow the 

Fe(VI) to coat the sand surface. The K2FeO4 supernatant was decanted, and the synthesized 

Fe(VI)-coated sand was centrifuged at 4000 rpm for 10 min to remove the excess solution before 

being dried in a VWR vacuum oven pumped with a RV12 Edwards pump for more than 24 

hours. The Fe(VI)-coated sand was stored under vacuum when not in use to limit exposure to air 

and prevent ferrate decomposition.  

2.2.3. Characterization of the Fe(VI)-coated sand media 

2.2.3.1. Detection of Fe(VI) on the media surface 

In an alkaline solution, Fe(VI) has an absorption peak at 510 nm.138 The presence of the 

Fe(VI) on the Fe(VI)-coated sand surface was determined via UV-Vis spectroscopy. The Fe(VI)-

coated sand was placed in a 5 mM Na2HPO4/1 mM Na2B4O7 solution (pH 9.25) and sonicated 

for 5 min to desorb Fe(VI) from the coated sand surface for direct UV-Vis measurement of the 

Fe(VI) leachate. The leachate solution was reacted with ABTS following a method by Lee et 

al.139 to measure the absorbance corresponding to the formation of an ABTS·+ radical at 415 nm 

(more information provided in Appendix A2). 
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2.2.3.2. Fe coating density on the media surface 

The total Fe mass coated on the sand was measured via inductively coupled plasma 

orbital emission spectrometry (ICP-OES) using a Perkin Elmer Optima 8300 Inductively 

Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES) (Perkin Elmer, Whatman, MA) 

(more information provided in Appendix A2). The Fe(VI)-coated sand was placed in a 1% HNO3 

solution and sonicated for 5 min to leach all the Fe coating. The leachate was further diluted with 

the 1% HNO3 solution before ICP-OES analysis. 

2.2.4. Stability of the Fe(VI) coating on the sand surface 

2.2.4.1. Aqueous stability 

Batch experiments were conducted to evaluate the aqueous stability of the Fe(VI)-coated 

sand and the desorption of Fe(VI) from the media surface. Approximately 50 mg of Fe(VI)-

coated sand was added to 50 mL of 10 mM Na2HPO4/NaH2PO4 or 10 mM Na2B4O7 buffer and 

stirred at 40 rpm. The buffer solutions were adjusted to pH 7, 8, 9 using HCl or NaOH to 

determine the effects of solution pH on Fe(VI) stability. At designated time intervals, aliquots of 

the samples were filtered using 0.2 µm, 25 mm diameter cellulose acetate syringe filters. 

Aqueous concentrations of Fe(VI) were determined using the ABTS method139 and aqueous total 

Fe using ICP-OES (see Appendix A2). Preliminary tests revealed that Fe(VI) and Fe(III) were 

the dominant Fe species in solution when the Fe(VI)-coated sand was placed in buffered 

solutions (pH 9) (Figure A1B-C); thus, aqueous Fe(III) concentrations were calculated as the 

difference between the measured total Fe and Fe(VI).  

The aqueous stability of Fe(VI) in the absence of silica stabilization was also assessed for 

comparison with the Fe(VI)-coated sand. A stock solution of K2FeO4 powder (synthesis in Text 

S1) was diluted to approximately 21 mg/L in 10 mM Na2B4O7 buffer at pH 9 and stirred at 40 

rpm. At designated times, a 1 mL aliquot was taken and filtered using 0.2 µm, 25 mm diameter 
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cellulose acetate syringe filters, then residual Fe(VI) concentrations were determined using the 

ABTS method.139 

2.2.4.2. Media storage stability 

Total Fe and aqueous Fe(VI) measurements were taken at designated time intervals (t = 1, 

3, 5, 7, and 11 days) after Fe(VI)-coated sand production to quantify Fe coating on the sand 

surface and to assess the media stability during storage. At each sampling time, approximately 3 

g/L of Fe(VI)-coated sand was removed from the vacuum oven and placed in a 5 mM 

Na2HPO4/1 mM Na2B4O7 solution (pH 9.25) and sonicated for 5 min to desorb Fe(VI) from the 

coated sand surface. The leachate solution was then reacted with ABTS to determine the aqueous 

Fe(VI) concentration. The same coated sand dose (3 g/L) was simultaneously measured and 

placed in a 1% HNO3 solution and sonicated for 5 min before total Fe measurements.  

2.2.5. Phenol removal experiments  

Initial experiments (see Appendix A3) evaluating the effect of buffering ions on the 

oxidation of PMSO by Fe(VI)-coated sand revealed a higher oxidation capacity of Fe(VI)-coated 

sand in the borate buffer thus, remaining experiments were conducted in the borate buffer. 

Sulfoxides (e.g., dimethyl sulfoxide (DMSO), PMSO) are known to be oxidized by high-valent 

iron to produce their corresponding sulfones (e.g., dimethyl sulfone (DMSO2), PMSO2) through 

an oxygen atom transfer step.140 Thus, PMSO is an excellent probing compound to evaluate the 

media reactivity under different experimental conditions. Batch experiments to evaluate the 

Fe(VI)-coated sand media capacity for phenol treatment were conducted in 10 mM Na2B4O7 

buffer at pH 9 in media bottles wrapped with aluminum foil to maintain dark conditions.  

The effect of Fe(VI)-coated sand dose on phenol removal was determined to identify the 

optimal media dose for water treatment. Different amounts (i.e., 22.8±1.1, 42.6±0.8, and 

80.7±1.0 mg) of Fe(VI)-coated sand were added to 20 mL solutions of 10 mM Na2B4O7 
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containing phenol (236±0.6 µg/L) to obtain media doses of 1, 2, and 4 g/L. The mixtures were 

shaken for 30 min at 40 rpm. Then, a 2 mL aliquot was quenched with 20 μL of 500 mM Na2SO3 

to stop the reaction between Fe(VI) and phenol. The mixture was filtered with a 0.2 µm, 25 mm 

diameter cellulose acetate syringe filter to measure residual phenol using high performance 

liquid chromatography (HPLC) methods. Details of the HPLC method are provided in Appendix 

A4. 

Removal kinetics experiments were initiated by adding approximately 200 mg of Fe(VI)-

coated sand to 100 mL of a 10 mM Na2B4O7 buffer solution containing phenol. At designated 

time intervals, an aliquot of 2 mL was sampled and pretreated as above before HPLC analysis. 

An additional aliquot of 1 mL was taken simultaneously to measure aqueous Fe(VI) 

concentration by the ABTS method.139 Another 1 mL aliquot was further diluted with a 10 mM 

Na2B4O7 buffer solution and quenched with HNO3 (trace metals grade) to measure total aqueous 

Fe by ICP-OES. A 4 mL aliquot was also taken and filtered with a 0.2 µm, 25 mm diameter 

cellulose acetate syringe filter for UV-Vis scanning between 200-650 nm for detection of 

oxidation products with absorbances outside of the range of the HPLC diode array detector.  

The removal of phenol by Fe(VI) powder was also investigated to compare the performance 

of the Fe(VI)-coated sand media against Fe(VI) powder in the absence of silica stabilization. 

Fe(VI) stock solution (i.e., in the absence of sand) was freshly prepared by diluting 

approximately 12.6 mg/L of K2FeO4 powder (synthesis details in Appendix A1) in 10 mM 

Na2B4O7 buffer. The stock solution was used within 15 min of preparation to minimize Fe(VI) 

self-decay. 10 mL of the stock solution was added to 90 mL of a 10 mM Na2B4O7 buffer solution 

containing phenol to initiate phenol removal. All experiments were conducted in duplicates or 

triplicates. 
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2.2.6. Evaluation of Fe(VI)-coated sand oxidation mechanisms 

 To assess the media reactivity toward multiple organic compounds and probe oxidation 

mechanisms, phenol removal by Fe(VI)-coated sand was assessed in the presence of PMSO. 

Fe(VI)-coated sand (2 g/L) was added to pH 9 borate buffer solutions containing PMSO and 

phenol at different concentrations (250 µg/L or 500 µg/L phenol and 400 µg/L or 800 µg/L 

PMSO). Aliquots were sampled and analyzed as described in Section 2.5. HPLC samples were 

analyzed for phenol, PMSO and PMSO2). All experiments were conducted in duplicates or 

triplicates. 

2.3. Results and Discussion 

2.3.1. TeOS sand surface modification increases Fe(VI) coating density 

Spectroscopic characterization of modified sand surfaces indicates greater Fe(VI) coating 

densities in the presence of TeOS. The Fe(VI)-coated sand synthesis method proposed in this 

study generates a purple-grey sand product (Figure 2.2A) which displays a dark purple color 

when placed in aqueous solution (Figure 2.2B). The purple color is indicative of the Fe(VI) 

speciation.141 UV-Vis measurements confirmed the presence of Fe(VI) on the sand surface 

(Figure A1A). Direct measurements of the leachate after the Fe(VI)-coated sand was added to a 

phosphate/borate buffer (5 mM Na2HPO4/1 mM Na2B4O7) solution shows a maximum 

absorbance at 509 nm (Figure A1A) confirming the presence of Fe(VI) on the coated sand 

surface.138 Furthermore, the reaction between the leachate and ABTS generated the expected 

ABTS·+ radical139 as evidenced by the absorbance peak at 415 nm (Figure A1A). Fe(VI) reacts 

rapidly with ABTS via a one-electron transfer mechanism to produce the stable radical ABTS·+. 

The ABTS·+ absorbance at 415 nm is then used to calculate aqueous Fe(VI) concentration.  
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TeOS modification of the sand prior to Fe(VI) coating increased Fe(VI) binding to the 

sand surface (Figure 2.2D). TeOS is a well-known silica precursor142, 143 that has been used to 

stabilize iron oxide particles.144 ICP-OES analysis of the temporal Fe leached from the Fe(VI)-

coated sand revealed that Fe(VI)-coated sand synthesized with TeOS-sand had approximately 

44% higher initial Fe loading (Figure 2.2D) than media prepared with  unmodified sand, 

indicating a higher Fe coating density in the presence of TeOS. Furthermore, ICP-OES analysis 

of acid-treated leachate—which revealed the maximum Fe loading on the sand surfaces—from 

the TeOS modified and unmodified sand surfaces (Figure A2) confirm that TeOS modification 

increases Fe coating mass. Additionally, spectroscopic analysis revealed a stable TeOS coating 

(i.e., no leaching of TeOS) on the sand surface (Figure A3). The UV-Vis spectrum of the 

Figure 2.2. (A) As-prepared Fe(VI)-coated sand with TeOS-sand modification. (B) 20 g/L Fe(VI)-coated 

sand added to 5mM Na2HPO4/1mM NaB4O7 solution at time t=0 and (C) at t=180 min indicating Fe(VI) 

(purple) reduction to Fe(III) (orange) phases. (D) Total Fe leached from the Fe(VI)-coated sand prepared 

with and without TeOS-sand modification (3-hr reaction). 
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supernatant of TeOS-sand sonicated in the 10 mM borate buffer did not show an absorbance peak 

at 292 nm as corresponding to the presence of TeOS (Figure A3). 

2.3.2. Solution pH and buffering ions govern Fe(VI)-coated sand stability 

Analysis of Fe(VI) leaching kinetics suggests that the media Fe(VI) aqueous stability 

increases with increasing pH. Leaching experiments were conducted with the Fe(VI)-coated sand 

in buffered solutions (10 mM phosphate and 10 mM borate) at pH 7, 8, and 9 to evaluate the 

effect of pH and inorganic ions on the aqueous stability of the media (Figure 2.3 & Figures A4-

5). Initially, the Fe(VI)-coated sand was sonicated in 1% HNO3 to desorb all the Fe from the 

coated sand surface and to quantify the total Fe coating density on the media. This total Fe 

(9.4±0.8 mg/L) is designated as the maximum total Fe coating on the sand. The maximum total 

Fe concentration was greater than the aqueous total Fe concentrations at time t (t = 5-180 min) 

suggesting that Fe(VI) desorption from the coated sand is not instantaneous (Figure 2.3 & 

Figure A5). Previous studies have proposed that organic contaminant oxidation can be improved 

by a slow release of Fe(VI) into solution during water treatment145-147 or multi-step dosing of 

Fe(VI).39, 148 These two application methods limit Fe(VI) self-decay and increase Fe(VI) 

exposure to organic contaminants.44 Similarly, a delayed desorption of Fe(VI) from the coated 

sand surface presents an opportunity for improved treatment of organic contaminants during 

water treatment. In solution, the Fe(VI)-coated sand media would consist of: (i) aqueous Fe(VI) 

leached from the sand surface; (ii) aqueous Fe(III) leached from the sand surface or produced 

from aqueous Fe(VI) decay; (iii) Fe(III) solids suspended in solution; and, (iv) Fe(VI) and/or 

Fe(III) bound to the sand surface. Thus, contaminant removal can occur simultaneously via 

reactions with Fe(VI) and Fe(III) in different phases and configurations. Further investigations 

on the coated sand surface and the Fe(III) phases produced are needed to differentiate these 
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phases and elucidate mechanisms by which contaminants are removed on the Fe(VI)-coated sand 

surface. 

The Fe(VI)-coated sand exhibited slower decomposition kinetics at circumneutral pH. 

Previous studies reported that Fe(VI) was the most stable in aqueous solutions buffered at pH 

9.2-9.4, but experienced a kinetically fast decay below this pH range.149 Our Fe(VI) stability tests 

also confirm that the Fe(VI) leached from the Fe(VI)-coated sand was more stable at pH 9 than 

at pH 7 and 8. Aqueous decomposition of Fe(VI) was minimal at pH 9 (Figure 2.3 & Figure 

A5). The aqueous Fe(VI) decay rates in the borate buffer were estimated at 355.4, 0.82, 0.004 

mg-1 L-1 hr-1 at pH 7, 8, 9 respectively (Figure A6). At pH 7, the dominant Fe(VI) species is 

HFeO4
- (~67%) (Figure 2.1) which has a higher oxidizing potential150, 151 than the deprotonated 

FeO4
2-. The high oxidizing potential of the dominant HFeO4

- species and fast reactions with 

water result in the instability of aqueous Fe(VI) at pH 7 (Figure 2.3 & Figure A4-5). The self-

decay of aqueous Fe(VI) was lessened at pH 8 (Figure 2.3 & Figure A5) and can be attributed to 

the dominant species, FeO4
2- (~83%) (Figure 2.1) being less reactive than the HFeO4

- species.150 

Figure 2.3. Kinetics of Fe(VI), Fe(III) and total Fe leached from 1 g/L Fe(VI)-coated sand into a 10 mM 

Na2B4O7 solution at pH 7, 8, 9 as a function of time. Max total Fe refers to the maximum mass of Fe that would 

leach of the surface of Fe(VI)-coated sand. This was determined by mixing 1 g/L Fe(VI)-coated sand into 1% 

HNO3 and measuring total Fe in solution. Total Fe refers to the total Fe leached into solution at a given time.  
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Due to the increased production of Fe(III) at pH 7 and 8, we hypothesize that sorption and 

coagulation are the major mechanism of contaminant removal whereas at pH 9, oxidation of 

organic compounds may be the more dominant treatment mechanism. At pH values where 

Fe(VI) decays faster, the treatment of organic contaminants by the Fe(VI)-coated sand media 

may occur by these pathways: (i) physical adsorption of the contaminants on the coated sand 

surface followed by oxidation by surface-bound Fe(VI) species, (ii) sorption to surface-bound 

Fe(III) particles; (iii) limited oxidation by Fe(VI) in the aqueous phase, and (iv) sorption and 

coagulation with Fe(III) particles in the aqueous phase. Characterization of optimized Fe(VI) 

stability is important in determining the operating conditions of Fe(VI)-coated sand application 

for which contaminant treatment is maximized and will be explored in future studies.  

The aqueous stability of the Fe(VI)-coated sand is also affected by the buffering ions (Figure 

2.3 & Figure A4-5). At pH 8 and 9, aqueous Fe(VI) and total aqueous Fe concentrations were 

lower in the borate buffer than in the phosphate buffer (Figure 2.3 & Figure A5). At pH 8, the 

total aqueous Fe concentration in the borate buffer within 0.5 hour of mixing was 4.26±0.27 

mg/L and 7.43±0.76 mg/L in the phosphate buffer. Additionally, we noted that total Fe 

concentrations at pH 7 and 8 were constant in the phosphate buffer (Figure A5), yet the Fe 

concentration decreased with time in the borate buffer except at pH 9 (Figure 2.3). These results 

imply that while Fe desorption from the media surface is lessened in the borate buffer, Fe(VI) 

decay was enhanced. A linear regression fitted to the measured Fe(VI) concentrations in both 

buffered solutions at pH 8 shows that the slope for the borate buffer was 65% smaller than the 

slope for the phosphate buffer (Figure A7) indicating that Fe(VI) decay was slower in the 

phosphate buffer. This is in agreement with previous studies where Fe(VI) self-decay at pH 7.5 

was slower in a 10 mM phosphate buffer than in a 10 mM borate buffer.83 The results of the 
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leaching experiments suggest faster Fe(VI) decay would occur when the Fe(VI)-coated sand 

media is placed in certain pH and buffering conditions. In particular, water chemistries that favor 

the presence of Fe(III) would promote rapid decay of Fe(III) due the catalytic effect of Fe(III) 

species on Fe(VI) self-decay.81, 83 The presence of Fe(III) in solution will result in a decrease in 

solution pH,152 thus increasing the Fe(VI) oxidizing potential (via formation of protonated 

Fe(VI) species and reactive intermediate species) and promoting reactions with water molecules 

which would catalyze further decay of Fe(VI).153 However, phosphate ions can form metal 

complexes with Fe(III) and prevent the formation of iron colloids and solids,83, 154 thus impeding 

the Fe(III) catalytic effect on Fe(VI) decay. This complexation behavior can explain the reduced 

Fe(VI) decay observed in the phosphate buffer in this study (Figure A7). In the absence of 

phosphate ions, Fe(III) particles aggregate to form larger particles.83, 154 Thus, the temporal 

decrease in total Fe observed at pH 7 and 8 in the borate buffer (Figure 2.3) can be attributed to 

these larger particles being removed by filtration which was done prior to ICP-OES analysis of 

the samples.  

Further stability tests indicate that the proposed synthesis method generates a stable and 

viable media. We assessed the stability of Fe(VI) when K2FeO4 powder is dissolved in the borate 

buffer at pH 9 (Figure A8). Results revealed that in this system, Fe(VI) decays faster at a rate of 

1.14 mg L-1 hr-1 compared to the Fe(VI)-coated sand where Fe(VI) decay was estimated at 0.23 

mg L-1 hr-1. This result validates the SiO2 stabilization effect on Fe(VI). Additionally, the stability 

of the stored media was assessed by determining changes in total Fe and Fe(VI) on the sand 

surface at time t (in days) after the media was produced (Figure A9). The total measured Fe 

varied between 5.69±0.99 to 7.39±1.01 mg Fe/g sand. The degree of variability could be due to 

slight differences in coating density at different sites on the sand surface. Fe(VI) concentrations 



47 
 

(~2.43 mg Fe(VI)/g sand) remained constant for up to 7 days after media production then slightly 

decreased (1.29 mg Fe(VI)/g sand) after 7 days.  

2.3.3. Silica stabilized Fe(VI) improves the treatment of phenol  

While phosphate ions reduces Fe(VI) self-decay, studies have reported that their presence 

in solution leads to decreased oxidation of organic compounds by Fe(VI).155 Huang et al. 

observed removal efficiencies of 97%, 90%, and 95% of carbamazepine, diclofenac, and 

ciprofloxacin respectively in unbuffered river waters but only 85%, 74%, and 82% removal of 

these compounds in phosphate buffered river waters.155 The oxidation of organic compounds by 

Fe(VI) occur via (i) reactions between Fe(VI) and the compounds to form Fe(V) or Fe(IV), 

which are more reactive than Fe(VI); and, (ii) further reactions between the compounds and 

Fe(IV)/Fe(V).32, 68 However, phosphate ions can react with Fe(V) through a nucleophilic attack 

to form metal complexes which would lead to a decrease in Fe(V) reactivity and thus reduce the 

oxidation of organic compounds.155 On the other hand, borate ions have lower reactivity towards 

Fe species.83, 84, 126 Our observations on the oxidation of PMSO by Fe(VI)-coated sand in 10 mM 

phosphate and borate buffer corroborated these findings (Figure A10). The oxidation efficiency 

of PMSO in the borate buffer was 93% (Figure A10B) but only 26% (Figure A10A) in the 

phosphate buffer under the same experimental conditions (i.e., pH 9, 2 g/L Fe(VI)-coated sand 

and 1 hour reaction time). The lower concentration of PMSO2 observed in the phosphate buffer 

reaction system confirms the negative effect of phosphate ions on Fe(VI) reactivities (Figure 

A10).  

Phenol removal increased with Fe(VI)-coated sand dose. The Fe(VI)-coated sand dose used 

in this study was determined by assessing the effect of different media doses (i.e., 1, 2 and 4 g/L) 

on the removal of phenol. Our results indicate that removal of phenol improved with increasing 

media doses and plateaued after 2 g/L (Figure 2.4). At this dose, 97% removal of phenol at an 
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initial concentration of 236 μg/L was achieved. Thus, a dose of 2 g/L was chosen for further 

experiments. 

Coating Fe(VI) onto the sand substate enhances its treatment capability toward organic 

compounds. The removal of phenol by the Fe(VI)-coated sand was compared to removal by the 

as-prepared K2FeO4 powder application (Figure 2.5 & A11). Both media had similar removal 

efficiencies (85% for as-prepared K2FeO4 powder and 83% for Fe(VI)-coated sand) of phenol at 

the end of the reaction time (2 hour); however, phenol removal was faster by the Fe(VI)-coated 

sand (Figure 2.5 & A11). After 5 min, the removal of phenol by Fe(VI)-coated sand was 51%, 

but only 37% by the as-prepared K2FeO4 powder. This accelerated treatment by Fe(VI)-coated 

sand could lead to rapid degradation of organic contaminants which has economic benefits for 

water treatment plants. Under the experimental conditions of this study (i.e., 2 g/L Fe(VI)-coated 

sand and 12.6 mg/L as-prepared K2FeO4 powder), we observed higher aqueous Fe(VI) 

concentrations (5.76-9.77 mg/L) in the Fe(VI)-coated sand system than in the as-prepared 

Figure 2.4. (A) Effect of Fe(VI)-coated sand dose on the removal of 236±0.6 µg/L phenol in 10 

mM borate buffer pH 9 and (B) the measured Fe(VI) concentration remaining in solution after 30 

min of reaction with phenol treatment. 
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K2FeO4 powder (0.28-1.87 mg/L), which could explain the enhanced treatment of phenol by 

Fe(VI)-coated sand. Previous studies have reported increased oxidation of organic compounds as 

Fe(VI) doses increase.68, 156 However, we observed a faster decay of aqueous Fe(VI) in the as-

prepared K2FeO4 powder system compared to the Fe(VI)-coated sand system (Figure 2.5A2-B2). 

We hypothesize that the slower decay of Fe(VI) in the Fe(VI)-coated sand indicates more Fe(VI) 

available in solution for longer periods of time, suggesting that more organic compounds could 

be treated simultaneously by the Fe(VI)-coated sand. The slower Fe(VI) decay in the Fe(VI)-

coated sand system also confirms the SiO2 stabilization effect on Fe(VI) reactivity. Furthermore, 

reduced decay rates of aqueous Fe(VI) also generate lower quantities of Fe(III) particles in 

solution which could decrease the frequency for Fe(III) sludge disposal post-treatment. Based on 

our hypothesis in Section 2.3.2, we speculate that phenol removal by Fe(VI)-coated sand would 

be threefold: removal in the aqueous phase, sorption/coagulation with Fe(III) solids, and removal 

on the sand surface. Further investigations are needed to characterize and decouple these removal 

mechanisms. For example, Huang et al. reported that the oxidation of phenol by Fe(VI) leads to 

the formation of a quinone and biphenol products via a phenoxy radical.157  
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Figure 2.5. Degradation of of 219±12 µg/L phenol in 10 mM borate buffer pH 9 by (A) 12.6 mg/L Fe(VI) 

powder and (B) 2 g/L Fe(VI)-coated sand. (top) phenol removal efficiency (left axis) and phenol to 

maximum aqueous Fe(VI) concentrations ratio (right axis) with time; Fe(VI) concentration at 5 min was 

taken as the maximum aqueous Fe(VI) concentration,  (bottom) changes in aqueous Fe.  
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UV-Vis measurements indicate the potential formation of oxidation products (Figure A12). 

We observed a sharp peak at 307 nm, a small shoulder peak near 350 nm, and a broad peak in the 

range of 430-630 nm with maximum absorbance near 500 nm (Figure A12). These peaks were 

not seen in the spectrum of a phenol blank solution (Figure A12). We suspect that the broad peak 

around 500 nm could be attributed to Fe(VI) which has an absorbance at 509 nm (Figure A1A) 

rather than an oxidation product. The minimal change in the absorbance values at this peak 

(Figure A12) aligns with the stable aqueous Fe(VI) concentration observed during phenol 

treatment by Fe(VI)-coated sand (Figure 2.5B2). The absorbance peak at 307 nm may be 

attributed to an oxidation product. The continuous increase in absorbance values at this peak 

indicates increased formation of the oxidation product  as phenol degradation progresses (Figure 

2.6 & A12). Chen et al. reported the oxidation of phenol via hydroxylation of the benzene ring 

which forms a hydroquinone intermediate product that further converts into p-benzoquinone and 

other oxidation products.158 UV-Vis measurement of hydroquinone in 10 mM borate buffer 

Figure 2.6. (A) Degradation of 219±12 µg/L phenol by 2 g/L Fe(VI)-coated sand in 10 mM borate 

buffer pH 9 and (B) subsequent formation of the oxidation product with maximum absorbance at 307 

nm.  
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showed absorbance peaks at 290, 316, 403 and 428 nm (Figure A12). Previous studies have 

reported absorbance peak at 293 nm159 and 289 nm160 for hydroquinone. We speculate that the 

oxidation product formed in this study may be a quinone product. However, further analyses and 

more targeted analytical tools (e.g., mass spectrometry, gas chromatography) will be performed 

to monitor and identify all oxidation products found.  

Fe(VI)-coated sand had greater reactivity towards phenol in the presence of PMSO 

(Figures 2.7 & A13) which indicates an increased presence of reactive species. The removal 

capacity of Fe(VI)-coated sand for phenol and PMSO was assessed using different 

concentrations of the organic compounds (i.e., 283 µg/L phenol and 865 µg/L PMSO; 245 µg/L 

phenol and 394 µg/L PMSO; and, 520 µg/L phenol and 739 µg/L PMSO). In the absence of 

PMSO, phenol removal by Fe(VI)-coated sand was estimated at 51% within 5 min (Figure 2.5), 

whereas in the presence of PMSO, the removal efficiency was 80-97% (Figures 2.7 & A13). The 

increased removal of phenol in the presence of PMSO suggests the formation of other reactive 

species (i.e., Fe(V), Fe(IV)), as a result of the reaction between Fe(VI)-coated sand and 

Figure 2.7. (A) Removal of 283±2.1 µg/L phenol and 865±15 µg/L PMSO by 2 g/L Fe(VI)-coated sand. 

(B) Changes in aqueous Fe concentration. 
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PMSO.161 The complete oxidation of PMSO to PMSO2 (Figure 2.7) in this study indicates the 

presence of Fe(V) and Fe(IV) species and no other reactive species (i.e., H2O2) which would 

oxidize PMSO into other products.140 Consequently, Fe(V) and Fe(IV) yield will increase due to 

their production from Fe(VI) self-decay and Fe(VI) reaction with PMSO thereby increasing 

phenol removal. These results also corroborate previous hypotheses68, 71 regarding the SiO2 

effects on rapid formation of Fe(V) and Fe(IV) in Fe(VI) systems. Thus, in multi-pollutants 

systems, the combination of greater Fe(VI) reactivity promoted by SiO2 and Fe(V)/Fe(IV)  

production from Fe(VI) reactions could result in more effective treatment than in aqueous 

K2FeO4 powder systems.  

2.4. Conclusion 

This study demonstrates a novel Fe(VI)-coated sand water treatment media application for 

organic contaminant removal. A synthesis method is proposed to produce a viable and stable 

Fe(VI)-coated sand composite. The initial coating of the sand with tetraethyl orthosilicate 

yielded a Fe(VI)-coated sand media with higher Fe (44%) bound to the surface and a greater 

binding attachment than media produced without sand modification. Water chemistries (i.e., pH 

and buffers) were explored to determine their effect on the rate of Fe(VI) decomposition and 

leaching from the media surface. The Fe(VI) self-decay was accelerated at pH 7 (k = 3.87 mg-1 

L-1 hr-1) and slowed with increasing pH (k = 0.04 mg-1 L-1 hr-1 at pH 9). Borate ions promoted a 

faster decay (k = 2.22 mg L-1 hr-1) of the media compared to phosphate ions (k = 3.39 mg L-1 hr-

1). Treatment of phenol by the Fe(VI)-coated sand and by K2FeO4 powder revealed that the 

composite media had a removal capacity that is 1.4 times greater than that of Fe(VI) powder. 

Furthermore, the fast and complete removal of phenol (with initial concentrations of 245-283 

µg/L) in the presence of PMSO (with initial concentrations of 394-865 µg/L) compared to the 
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incomplete removal of phenol in the absence of PMSO indicates an increased production of 

highly reactive Fe(V) and Fe(IV) intermediate species.  

Removal of organic compounds by the media is expected to be three-fold: removal by 

aqueous Fe(VI), removal by suspended Fe(III) particles, and removal on sand surface. Further 

testing is needed to distinguish these different mechanisms and better understand the Fe(VI)-

coated sand functionality. 

Coating Fe(VI) onto a sand surface presents an opportunity for increasing Fe(VI) stability 

and for better deployment of Fe(VI) in water treatment applications. Previous studies have 

reported advantages of heterogeneous Fe(VI) applications.123, 162, 163 This study offers an 

environmentally benign media that would be applicable to treatment systems (e.g., advanced 

wastewater systems) where sand filtration systems are already in use. Our Fe(VI)-coated sand 

media limits the need for solid substrates like SiO2 gels that may require post-treatment disposal. 

The reduction of Fe(VI) to Fe(III) after treatment and the potential for synergistic treatment 

processes (i.e., oxidation, coagulation, disinfection, and filtration) due to Fe(VI) multimodal 

properties make this novel Fe(VI)-coated sand a cost-effective and eco-friendly water treatment 

media suitable for deployment in many water treatment applications. Currently, there are 

commercialized processes in place for on-site Fe(VI) production at water treatment facilities, 

which eliminates transportation costs. These cheaper Fe(VI) production methods coupled with 

the inexpensive cost of sand ($33/kg) and TeOS ($64/L) make the Fe(VI)-coated sand synthesis a 

cost-effective process.  
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Chapter 3. Simultaneous Oxidation of Trace Organics and 

Sorption of Trace Metals by Ferrate (Fe(VI))-coated Sand in 

Wastewater Effluents 
 

This chapter is currently in press as: Okaikue-Woodi, F. E. K., Morales Lumagui, R. and Ray J. 

R. Simultaneous oxidation of trace organics and sorption of trace metals by ferrate (Fe(VI))-

coated sand in synthetic wastewater effluent. ACS Environ. Au 2024. 

doi.org/10.1021/acsenvironau.4c00024 

 

ABSTRACT 

Here, we assessed the potential of the media for treatment of acetaminophen (ACM), 

benzotriazole (BZT), sulfamethoxazole (SMX), copper (Cu), lead (Pb), and zinc (Zn)—common 

contaminants found in wastewater effluents—in ultrapure and synthetic wastewater. Fe(VI)-

coated sand reactivity was influenced by the solution pH and the aqueous chemistry. For 

example, removal of Pb improved by 39% in the presence of trace organics indicating that trace 

metals removal was enhanced by Fe(III) phases formed during Fe(VI) reactions with trace 

organics. While oxidation of trace organic compounds increased as pH decreased, trace metals 

sorption was more favorable at higher pH (i.e., pH 8 and 9). The oxidation efficiency of trace 

organics by the medium was the highest for ACM and SMX; BZT degradation was limited due 

to formation of Cu–BZT complexes. Batch tests in synthetic wastewater effluent solutions 

revealed the presence of divalent cations (i.e., Ca2+ and Mg2+) can catalyze Fe(VI) self-decay and 

promote Fe(III) production and subsequent trace metal removal; however, oxidation of trace 

organics was hindered in this matrix. This study highlights the potential for Fe(VI)-coated sand 

application for treatment of complex matrices more representative of natural and engineered 

aquatic systems. 

 

https://urldefense.com/v3/__https:/doi.org/10.1021/acsenvironau.4c00024__;!!K-Hz7m0Vt54!ks7rND46Vbb0ImFvFdPkPB3X9Z2jdxeI9_wkSvUP2qUZW5feVlu8c1UaKERSYyFWSoMqz4pc_K1ySg$
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3.1. Introduction 

Due to water shortages, wastewater effluent is increasingly considered for augmentation of 

water resources.7 Treated wastewater discharges into nearby water bodies that often serve as 

downstream drinking water sources. Additionally, wastewater effluent can be injected into 

aquifers to recharge groundwaters and replenish drinking water aquifers.7 However, processes 

used in conventional wastewater treatment plants have variable effectiveness for removal of trace 

contaminants prior to discharge.4, 164 Studies have reported the presence of contaminants such as 

heavy metals3, 9, 165 and organic compounds (e.g., antibiotics4, 166, prescription drugs4, 10, 

industrial chemicals164) in wastewater effluents. The increasing presence of these contaminants 

in wastewater effluent discharges and in reclaimed wastewater due to anthropogenic activity and 

overuse of chemicals may cause acute and chronic risks to human health and aquatic life,10, 167 

and jeopardizes the safety of wastewater reuse and aquifer recharge efforts. For example, Ferrari 

et al. detected diclofenac, carbamazepine, and clofibric acid in real wastewater effluent solutions 
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and reported chronic effects when invertebrates obtained from laboratory cultures were exposed 

to the wastewater effluent solutions.168 Therefore, advanced treatment of wastewater effluents is 

necessary to decrease the trace contaminant load to receiving waters. 

Many advanced (oxidation) treatment processes (e.g., ozonation, Fenton processes, UV 

irradiation, reverse osmosis membrane filtration) have been proposed and investigated to 

enhance contaminant removal and degradation during wastewater treatment. Ferrate [Fe(VI)] is a 

multifunctional iron oxide capable of oxidation,55, 114 coagulation46, 55 and disinfection53, 56 with a 

standard oxidation potential (E0) of 2.2 V, which is greater than the oxidation potential of 

chlorine (1.36 V)55, a commonly used disinfectant and oxidant. For example, Yang et al. 

observed more than 90% removal of trace organic compounds by Fe(VI) in secondary 

wastewater effluent.42 Additionally, Fe(VI) is considered an environmentally benign chemical 

because it reduces into non-toxic Fe(III) species during application,113, 114 which is often used as 

coagulants55, 56 and adsorbents55, 57 in water treatment. However, the use of Fe(VI) as a water 

treatment technology for contaminant destruction is limited due to its chemical instability in 

solution. As the solution pH increases to alkaline pH ranges (pH > 7.3) the Fe(VI) aqueous 

stability increases; however, its oxidizing power decreases.169 Previous studies have proposed 

methods to increase Fe(VI) oxidizing power at environmentally relevant pH and accelerate the 

oxidation of organic contaminants.68, 119-123 In our previous work, we proposed and developed a 

Fe(VI)-coated sand composite media that leverages SiO2 stabilization properties for enhanced 

water treatment applications.169 We observed 51% oxidation of phenol by the Fe(VI)-coated sand 

within 5 min of treatment compared to 37% when aqueous Fe(VI) powder was applied which 

indicates enhanced oxidation efficacy by immobilizing Fe(VI) on the sand surface.169 Therefore, 

applying the Fe(VI)-coated sand media presents an opportunity for advancing water treatment 
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processes with additional capabilities (i.e., oxidation, coagulation, and disinfection) due to the 

multimodal properties of Fe(VI). While our previous study indicated that the application of the 

Fe(VI)-coated sand media would be effective to degrade phenolic compounds in wastewater, 

there are many other types of chemical contaminants present in wastewater. Therefore, a better 

assessment of the Fe(VI)-coated sand performance should include more complex and varied 

matrices and contaminants. 

In this study, we investigated the potential of Fe(VI)-coated sand media for advanced 

treatment of multiple contaminant classes and more environmentally representative aquatic 

matrices. Specifically, we evaluated the removal of trace metals (i.e. copper, lead, and zinc) and 

organic compounds (i.e., acetaminophen, sulfamethoxazole, benzotriazole) commonly found in 

wastewater effluents. Copper (Cu), lead (Pb) and zinc (Zn) can enter wastewater from industrial 

sources (e.g., paper mills, textiles, paints, oil refining)9, 170 and household products (e.g., 

detergents).165, 170 Acetaminophen (ACM) is a widely used non-prescription drug that has been 

widely detected in aquatic environments.4, 171, 172 Sulfamethoxazole (SMX) is an antimicrobial 

widely used in human and veterinary medicine12, 13 and has been detected in wastewater 

effluents.12, 173 Benzotriazole (BZT) is used as an anticorrosion agent and has also been detected 

in wastewater effluents.41, 174 An advantage of Fe(VI) is its reduction into Fe(III) species, thus 

making it possible for the dual treatment of organic and inorganic contaminants by Fe(VI) in a 

single unit process. Therefore, the specific objectives of this study are to: (1) assess the capacity 

of the Fe(VI)-coated sand for the treatment of a wider range of contaminants; (2) understand 

competitive removal of organic and inorganic contaminants; and, (3) characterize the effects of 

wastewater effluent matrix on the Fe(VI)-coated sand treatment rates.  
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3.2. Materials and Methods 

3.2.1. Chemicals 

Acetaminophen (Spectrum Chemical MFG Corp, NJ), 1,2,3-Benzotriazole (TCI America, 

OR), Sulfamethoxazole (TCI America, OR), Copper(II) chloride anhydrous (Thermo Fisher 

Scientific, WA), Lead(II) chloride (Thermo Fisher Scientific, WA), Zinc(II) chloride anhydrous 

(Thermo Fisher Scientific, WA)  and sodium sulfite anhydrous (Na2SO3, Fisher Scientific, MA) 

were purchased to assess contaminant removal by the media. Details of all other chemicals used 

in this study can be found in Appendix B1 (in the Supporting Information). All experiments 

were conducted using ultrapure Milli-Q water (resistivity: 18.2 MΩ-cm). 

3.2.2. Synthesis and surface characterization of Fe(VI)-coated sand 

Fe(VI)-coated sand was synthesized as described in Okaikue-Woodi and Ray.169 Briefly, 

Ottawa sand, initially coated with tetraethylorthosilicate (TeOS), was added to a K2FeO4 solution 

and stirred for 24 hours at 4 °C.169 The wet Fe(VI)-coated sand composite was dried under 

vacuum.169 Surface analyses of the media were conducted to complement aqueous in situ 

characterization analyses reported in our previous study.169 Scanning electron microscopy (SEM) 

imaging of the Fe(VI)-coated sand morphology was measured with a FEI (Hillsboro, OR) Sirion 

XL30 SEM instrument following platinum sputtering of the media to increase electrical 

conductivity. The elemental composition at the surface of the Fe(VI)-coated was also evaluated 

via SEM energy dispersive X-ray spectroscopy (SEM-EDS) following carbon coating of the 

media. X-ray diffraction measurements were recorded on a Brucker (Billerica, MA) D8 Discover 

X-ray diffractometer operated at 50 kV and 1000 µA. The scanning parameters were a 11° 2θ 

step size and 60 seconds/step over a 0–93° 2θ Cu Kα angular range.  
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3.2.3. Removal of trace metals and organics in ultrapure water 

Batch experiments were conducted to evaluate the Fe(VI)-coated sand removal capacity of 

the contaminants in a pure water matrix containing only 10 mM sodium borate buffer. Stock 

solutions of each contaminant were prepared in Milli-Q water except for SMX, which was 

prepared in methanol. An intermediate SMX stock was prepared in water from the concentrated 

methanol stock. All experiments were conducted in triplicates and samples were shaken on a 

FisherbrandTM multi-purpose tube rotator (Fisher Scientific, Waltham, MA) at 40 rpm.  

The efficacy of the Fe(VI)-coated sand was evaluated in multiple contaminant systems and 

at different pH values (pH 7.5 and 9). These pH values were chosen to assess the Fe(VI)-coated 

sand reactivity when its aqueous stability is high (i.e., at pH 9) and at environmentally relevant 

pH (i.e., pH 7.5). A pH range of 6.5–8.5 is typical of wastewater effluent.17, 89 Additionally, an 

assessment of pH effects on the aqueous stability of the Fe(VI)-coated sand demonstrated that 

the Fe(VI)-coated sand was more stable at pH 9, as reported in our previous publication.169 Batch 

kinetics experiments were conducted in four different phases: (i) all trace organics in a pH 9, 10 

mM sodium borate buffer solution (O9 system); (ii) all trace metals in a pH 9, 10 mM sodium 

borate buffer solution (M9 system); (iii) trace organics and metals together in a pH 9, 10 mM 

sodium borate buffer solution (MO9 system); and, (iv) trace organics and metals together in a 

pH 7.5, 10 mM sodium borate buffer solution (MO7.5 system). The concentration of the 

contaminants was targeted at 500 µg/L each and the dose of the Fe(VI)-coated sand was 2 g/L for 

all reaction systems explored in this study. This dose (2 g/L) of Fe(VI)-coated sand was 

previously found to maximize removal of phenol.169 At designated time intervals, a 2 mL aliquot 

of samples containing the organic compounds was quenched with 20 µL of 500 mM Na2SO3 to 

stop the reaction between Fe(VI) and the organic compounds, then filtered with a 0.2 µm, 25 mm 

diameter cellulose acetate syringe filter before analysis using high performance liquid 
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chromatography (HPLC) methods (Appendix B2). 500 µL of LC-MS grade methanol was added 

to 500 µL of the quenched and filtered aliquot for high-resolution mass spectrometry (HRMS) 

analyses (Appendix B3) to determine transformation products of the organic compounds. For all 

samples, a 3 mL aliquot was taken and filtered with a 0.2 µm, 25 mm diameter cellulose acetate 

syringe filter, then 1 mL of the aliquot was used to the measure aqueous Fe(VI) concentration via 

the 2,2’-azinobis-(3-ehtylbenzothiazoline-6-sulfonate) (ABTS) colorimetric method139 via UV-

Vis spectroscopy using a Shimadzu UV-2700 spectrophotometer (Kyoto, Japan). The remaining 

aliquot was diluted with 10 mM sodium borate buffer solution and acidified to 2% trace metal 

grade nitric acid for inductively coupled plasma orbital mass spectrometry (ICP-MS) analysis 

using a PerkinElmer Nexion 2000B inductively coupled mass spectrometer (Waltham, MA). 

Control experiments in the absence of the Fe(VI)-coated sand were conducted to assess the 

stability and the reactivity of the trace metals and organics in solution for all four reaction 

systems. In addition, the role of Fe(III) phases in the Fe(VI)-coated sand reactivity was 

evaluated. A weighted amount (1.3±0.1 mg) of Fe(NO3)3·9H2O was added to 50 mL of either a 

pH 9, 10 mM sodium borate buffer solution or a pH 7.5, 10 mM sodium borate buffer solution 

containing all the trace metals and trace organics. The final Fe(III) concentration (26±1.8 mg/L) 

in solution was chosen as an overestimate of the total Fe concentration (12.6±5.1 mg/L) possible 

in solution if all of the Fe were to leach from the sand surface. At designated times, aliquots are 

taken and filtered prior to ICP-MS and HPLC analyses. The results from our previous study 

indicated that Fe(VI)-coated sand enhanced removal and oxidation of phenol compared to 

application of Fe(VI) powder. Therefore, this study did not compare treatment of the select 

contaminants with Fe(VI) powder.  
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3.2.4. Removal of trace metals and organics in a synthetic wastewater effluent 

matrix 

Batch kinetics experiments were also conducted under synthetic wastewater (SWW) 

effluent conditions to characterize the effects of wastewater effluent matrix on the Fe(VI)-coated 

sand treatment capacity for the select trace contaminants. The matrix was prepared based on 

wastewater effluents (real and synthetic) composition reported in literature.86, 89, 175-177 The SWW 

composition included: NaHCO3 (96 mg/L), NaCl (83 mg/L), MgCl2·6H2O (19 mg/L), 

Mg(NO3)2·6H2O (10 mg/L), CaCl2·2H2O (89 mg/L), Ca(NO3)2·4H2O (10 mg/L), and Na2HPO4 

(1 mg/L). The detailed composition of the synthetic matrix is included in Table B4. Batch 

experiments were conducted by adding approximately 100 mg of Fe(VI)-coated sand in 50 mL 

of SWW in 50-mL polypropylene centrifuge tubes containing roughly 500 µg/L of ACM, BZT, 

SMX, Cu, Pb, Zn each. At designated time intervals, aliquots were sampled and analyzed as 

described in Section 3.2.3. 

3.3. Results and Discussion 

3.3.1. Surface analyses confirm Fe coating on the sand surface 

SEM images indicate that Fe(VI) coating alters the surface morphology of the Ottawa sand 

(Figure 3.1). The noncoated Ottawa sand (Figure 3.1A) surface roughness increased following 

the TeOS and Fe(VI) coating (Figure 3.1B). Elemental analysis of the surface composition 

indicated mostly Si (32.5%) and O (54.5%) for the unmodified Ottawa sand (Figure 3.1) which 

confirms the expected high SiO2 content of the sand structure.133 The carbon detected on the 

Ottawa sand can be attributed to the carbon coating sample preparation done prior to analysis to 

reduce electrical charge on the non-conductive sand samples. On the Fe(VI)-coated sand surface, 

K (33.7%), Cl (1%) and Fe (1.7%) were detected confirming the successful coating of the 

potassium ferrate (K2FeO4).  
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The XRD analysis confirmed Fe coating on the sand surface (Figure B2). An increase in 

peaks was observed in the XRD pattern of the Fe(VI)-coated sand compared to the noncoated 

Ottawa sand and TeOS-sand, suggesting the presence of a new component (i.e. Fe(VI)) on the 

sand surface. Additional physicochemical characterization of the Fe(VI)-coated sand was 

performed in our previous study169 which confirmed the presence of Fe(VI) on the sand surface.  

 

3.3.2. In-situ formation of Fe(III) enhances removal of trace metals 

The Fe(VI)-coated sand exhibited lower reactivity and removal efficiency towards the 

trace metals compared to trace organics. Furthermore, the reactivity towards Pb was greater than 

that of Cu and Zn. The batch adsorption results suggest that the trace metals are removed via 

interaction with Fe(III) particles generated during the reduction of leached Fe(VI) in the reaction 

Figure 3.1. SEM images of (A) noncoated Ottawa sand and (B) Fe(VI)-coated sand. The insets are SEM 

images at lower magnification. The adjoining tables report elemental composition by weight percent on 

the medium surface.  
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solution (Figure 3.2 and Figure B3). For example, 100% removal of Pb and 94% removal of Zn 

(Figure B3A2) after the 3-hr reaction in the test evaluating Fe(III) removal capacity (i.e., Fe(III) 

solids only) was observed; whereas, the Fe(VI)-coated sand treatment in the MO9 system only 

yielded 61% removal of Pb and 28% for Zn after 3-hr reaction (Figure 3.2B). Additionally, the 

removal of Pb and Zn by Fe(VI)-coated sand was achieved at 23% and 26% in the M9 system 

absent trace organics (Figure 3.2A). These data suggest that Fe(III) phases formed as a result of 

oxidation of trace organics and subsequent Fe(VI) reduction can increase Pb and Zn removal. At 

pH 9, Fe(VI) is stable and reacts slowly with water to form Fe(III),169 but this reduction can be 

accelerated in the presence of organic compounds reacting with the Fe(VI). This is evidenced by 

the slower decrease in aqueous Fe(VI) concentrations seen in the M9 system (Figure B4A) 

compared to the faster decrease in the O9 (Figure B4B) and MO9 systems (Figure B4C) when 

trace organics are present. The enhanced removal of metals in the presence of organic 

compounds validates the multifunctional properties of Fe(VI)-coated sand as an oxidant and 

coagulant.  

Visual MINTEQ analysis suggests that Pb removal is governed by its chemical speciation in 

solution. In the pH 9, 10 mM borate buffer, Visual MINTEQ analysis indicates that Pb(OH)2 is 

oversaturated in solution (Table B2B) which could contribute to precipitate formation. In the M9 

control samples (i.e., no Fe(VI)-coated sand), the removal of Pb after 3 hours was 1.6 times 

greater than in the M9 system. Thus, we hypothesize that the removal of Pb within the pH 9, 10 

mM borate buffer system was predominantly facilitated by sample filtration of precipitates prior 

to ICP-MS measurements. We further posit that processes governing trace metals removal in our 

treatment systems could be three-fold: (1) removal via filtration of solid phase precipitates 
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formed due to oversaturation; (2) sorption to aqueous Fe(III) phases generated during reduction 

of leached aqueous Fe(VI); and, (3) sorption onto the Fe-coated sand surface.  

Trace metals removal by the Fe(VI)-coated sand decreased as pH, especially in the case of 

Zn. Previous studies have reported an increase in metals removal by Fe(VI) as pH increases due 

favorable electrostatic interactions between the trace metals and in-situ Fe(III) phases.46, 74 The 

same trend was observed in our study (Figure 3.2). In the MO7.5 system, the removal 

efficiencies of Zn and Pb decreased by 7% and 14% compared to removal in the MO9 system.  

The isoelectric point of Fe(III) (hydr)oxide species is between pH 7–8.5;178 thus we hypothesize 

that at pH 9, the removal of Pb is driven by electrostatic interactions of the abundant Pb(OH)+ 

species (Table B2A) and the negatively charged Fe(III) (hydr)oxide surfaces. Furthermore, at pH 

9, Fe(VI) exists predominantly as FeO4
2- (Figure B1),116, 169 which could also interact 

electrostatically with Pb(OH)+ species. In the case of Zn, the abundant species at pH 9 is 

Zn(OH)2 suggesting removal via physical sorption of Zn either on the media surface or within 

Fe(III) (hydr)oxide lattices. Conversely, at pH 7.5, Pb2+ and Zn2+ are the more abundant species 

and may sorb weakly to the neutral Fe(III) (hydr)oxides surface. The pH effect on metals 

removal in the Fe(VI)-coated sand treatment systems is also mirrored in the Fe(III) reaction 

systems (Figure B3). After the 3-hr reaction with Fe(III), the removal of Zn increased from 31% 

at pH 7.5 to 94% at pH 9 (Figures B3A1 and B3A2).  

Interestingly, Cu removal was greater in the control experiments absent Fe(VI)-coated 

sand, regardless of solution pH (Figure B5). Visual MINTEQ analysis reports CuO and Cu(OH)2 

as the oversaturated mineral phases present in solution, thus the high removal efficiencies 

observed in the control samples could be attributed to the formation of these mineral phases 

which were removed during filtration. Furthermore, greater Cu removal efficiencies were 



66 
 

achieved in the MO7.5 and MO9 control systems. For example, the presence of trace organics in 

the MO9 control system led to a 58% increase in Cu removal, which suggests that Cu is 

interacting with the trace organics (discussed in more detail in section 3.3.3). 

 

3.3.3. Solution pH and composition affect degradation of trace organics  

Fe(VI)-coated sand exhibited a greater oxidation potential towards ACM and SMX 

compared to BZT. Figures 3.3 through 3.5 indicate the oxidation of the three select trace 

Figure 3.2. Removal of nominally 500 µg/L Cu, Pb, Zn (each) by 2 g/L Fe(VI)-coated sand (A) in the M9 

system; and in the presence of nominally 500 µg/L ACM, BZT, and SMX (each) (B) in the MO9 and (C) 

MO7.5 systems. 

Figure 3.3. Normalized degradation of nominally 500 µg/L ACM, BZT, SMX (each) by 2 g/L Fe(VI)-coated sand in the 

O9 system; and (B and C) the formation of the most abundant transformation products as a function of time.  
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organics in this study by the Fe(VI)-coated sand and their corresponding transformation products 

identified using HRMS. For all of the test reaction systems, the degradation of ACM was 

complete and occurred rapidly (within 15 min, Figures 3.3-3.55). Oxidation efficiencies of 

100% were achieved for SMX in the O9 (Figure 3.3) and MO7.5 reaction systems (Figure 3.5) 

and 90% in the MO9 system (Figure 3.4) after the 3-hr reaction. For BZT, the oxidation 

efficiency was 37% in the O9 system (Figure 3.3), but no removal was detected in the MO9 and 

MO7.5 systems (Figures 3.4-3.5). The greater removal of ACM and SMX can be attributed to 

the high Fe(VI) selectivity towards electron-donating moieties such as phenols (present in ACM) 

and anilines (present in SMX). 42, 172 

 

 

 

 

 

Figure 3.4. (A) Normalized degradation of nominally 500 µg/L ACM, BZT, SMX (each) by 2 g/L Fe(VI)-coated sand 

in the MO9 system in the presence of nominally 500 µg/L Cu, Pb, Zn (each); and (B and C) the formation of the most 

abundant transformation products as a function of time. 
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Solution matrix and pH were found to influence the oxidation potential of ACM and SMX 

by the Fe(VI)-coated sand. The presence of trace metals in the MO9 system led to a 26% 

decrease in SMX oxidation capacity within 5 min of reaction compared to oxidation in the O9 

system (i.e., absence of trace metals) (Figures 3.3A and 3.4A). The SMX oxidation capacity 

increased from 21% at pH 9 (Figure 3.4A, MO9 system) to 100% at pH 7.5 (Figure 3.5A, 

MO7.5 system) within 5 min of reaction. This difference can be explained by the differences in 

Fe(VI) chemical speciation at pH 7.5 compared to pH 9 (Figure B1). At pH 7.5, Fe(VI) is 

comprised of 38.7% HFeO4
- and 61.3% FeO4

2-.169 HFeO4
- species are reported to have a higher 

oxidation potential than FeO4
2- species150, 151 which may result in greater degradation of ACM 

and SMX at pH 7.5. At pH 9, the degradation of the trace organics decreased (Figure 3.4A) 

which could be due to three effects: (1) the less reactive FeO4
- species is dominant at this pH 

(i.e., 98%, Figure B1); (2) the presence of more contaminants in solution result in greater 

competition for Fe(VI); and, (3) Fe(VI) decays faster when there are more contaminants present. 

Results of aqueous Fe(VI) concentration evolution show that Fe(VI) decays faster in the MO9 

and MO7.5 reaction systems containing all contaminants (Figure B4C) compared to the systems 

Figure 3.5. (A) Normalized degradation of nominally 500 µg/L ACM, BZT, SMX (each) by 2 g/L Fe(VI)-coated 

sand in the MO7.5 system in the presence of nominally 500 µg/L Cu, Pb, Zn (each); and (B and C) the formation of 

the most abundant transformation products as a function of time.  
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containing one type of contaminant (Figure B4B). To enhance the decomposition of trace 

organics during wastewater treatment with more complex matrices containing multiple 

contaminant types, higher doses of Fe(VI)-coated sand or higher Fe(VI) mass loadings on the 

sand surface may be required. However, we note that within the 3-hr reaction period used in this 

study, removal efficiencies of 90% or greater were still achieved for ACM and SMX despite the 

mass of contaminants present. 

BZT complexation with Cu inhibits its treatment by the Fe(VI)-coated sand. BZT is used as 

a corrosion inhibitor for Cu179, 180 and has been reported to form metal complexes with Cu+ and 

Cu2+ through electron transfer between the BZT nitrogen atoms.181, 182 The formation of Cu‒BZT 

complexes has been leveraged in some studies to enhance BZT degradation in wastewater. For 

example, Zhang et al. investigated the use of a mesoporous Cu/MnO2 composite to catalyze 

oxidation of BZT by hydrogen peroxide.179 The oxidation of BZT by the MnO2 was facilitated by 

the Cu‒BZT complex formed on the catalyst surface.179 However, in our study, the presence of 

Cu did not enhance BZT degradation (Figures 3.4-3.55). In the O9 system, we observed up to 

37% removal of BZT after 3 hours of reaction (Figure 3.3A); however, in the MO9 and MO7.5 

systems containing metals, we observed an artificial increase in the measured aqueous BZT 

concentrations (Figures 3.4A and 3.5A). The increase was higher for the pH 7.5 condition after 

2 hours of reaction. Furthermore, results from the control experiments (i.e., absence of media) 

for the MO9 and MO7.5 systems show a decrease in BZT concentrations (Figures. B6B-D) as 

well as in the presence of Cu only (Figure B7) which suggests the formation of the Cu‒BZT 

complex. Cu‒BZT complexes are reported to be insoluble in water,181 thus we hypothesize that 

the Cu‒BZT complexes formed in our systems are removed via filtration prior to HPLC analysis 
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which explains the lower concentrations obtained in the control experiments described above 

(Figures. B6B-D and Figure B7). 

The Cu‒BZT complexation is also made evident in the measured aqueous concentrations of 

Cu in the control experiments conducted in the absence of media (Figure B5). For example, in 

the M9 control system, 36% Cu removal was observed; however, in the MO9 control system, 

98% Cu was removed after 3 hours of reaction in the presence BZT and the other trace organics. 

We hypothesize that the reaction between the Cu‒BZT complexes and the Fe(VI)-coated sand 

media leads to the decomplexation of the Cu‒BZT and release of aqueous Cu and BZT into 

solution. Previous studies have reported the successful removal of metal complexes by Fe(VI).74, 

77, 183, 184 For example, Tiwari et al.77 investigated the removal of iminodiacetic acid (IDA) 

complexes with Cu(II), Ni(II) and Cd(II) at pH 8, 9 and 10. They reported a removal efficiency 

of up to 80% of total organic carbon when the concentrations of Cd(II)-IDA and Ni(II)-IDA were 

0.3 mM.77 The removal of the metal complexes in their study was hypothesized to be initiated by 

the decomplexation by Fe(VI) followed oxidation of the IDA.77 Further removal of the freed 

metals by Fe(VI) was also reported.77 In this study, while we observed the decomplexation of the 

Cu‒BZT complex as evidenced by the increase in aqueous BZT concentration, the free BZT did 

not react further with Fe(VI). This could be due to the lesser Fe(VI) affinity towards BZT, which 

was observed in Figure 3.3. Further investigations with higher doses of the Fe(VI)-coated sand 

media or lower concentrations of contaminants could be explored to determine whether the 

decoupled BZT could be degraded when there is more Fe(VI) available in solution.  

Table 3.2. Structures and properties of select trace organic compounds and metals used in this 

study.185-189 

trace organic 

compounds 
sources structure pKa Log Kow 
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acetaminophen 

(ACM) 

analgesic drug 

(Zhang et al.185) 

 
9.71 

(Li et al.171) 

0.46 

(Snyder et 

al.186) 

benzotriazole 

(BZT) 

anti-corrosion agent, UV-

inhibitors (Mawhinney et 

al.174) 
 

pKa1 = 1.6 

pKa2 = 8.6 

(Xu et al.187) 

1.23 

(Hart et al.188) 

sulfamethoxazole 

(SMX) 

antimicrobial drug (Dodd et 

al.12) 

 

pKa1 = 1.7 

pKa2 = 5.6 

(Dodd et al.12) 

0.89 

(Snyder et 

al.186) 

trace metals sources matrix pH speciation % abundance 

copper 
fertilizers, paints, oil refining, 

mining (Khan et al.9) 

9 
Cu(OH)2 (aq) 

(Cu(OH)2(s), 

CuO(am, c))  

57.1 

7.5 

Cu
2+

 

CuOH
+  

(CuO (am, c)) 

46.1 

45.6 

lead 

lead-based batteries, paints 

(Chowdhury et al.189); 

fertilizers (Das et al.165) 

9 Pb(OH)
+ 

(Pb(OH)2(s)) 

73.5 

7.5 Pb
2+ 

(Pb(OH)2(s)) 

55.7 

zinc 
oil refining, textiles, rubber 

products (Das et al.165) 

9 Zn(OH)
2
 (aq) 

(ZnO) 
86.0 

7.5 Zn
2+

 95.8 

The (*) on the structures show the moieties that can be deprotonated or protonated at the pH values used 

in this study. The mineral phases in italics are the oversaturated mineral phases for the metal species as 

determined by Visual MINTEQ at the given pH. 

 

3.3.4. Trends in transformation product formation validates oxidation mechanisms 

of the trace organics  
HRMS results were analyzed as described in Appendix B3. Based on this analysis, 85 

transformation products (TPs) were identified in the O9 system (Table B5), 46 TPs in the MO9 

system (Table B6) and 72 TPs in the MO7.5 system (Table B7). The lower number of TPs 
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detected in the trace metal-containing systems support the findings discussed in Section 3.3 when 

a decrease in oxidation efficiency of the trace organics in the presence of metals was observed. 

We recognize that the large pool of TPs detected could be due to the inclusion of multiple 

fragments from the same parent compounds and additional steps are needed to further isolate the 

transformation products. However, we note that the primary objective of this study is to assess 

the reactivity of the Fe(VI)-coated sand media in complex matrices; therefore, further analyses 

were not conducted to identify the structures of the TPs nor to deduct oxidation pathways.   

The higher peak areas observed for TPs in the O9 and MO7.5 corroborate the solution pH 

and matrix effects on the oxidation efficiency of the trace organics by the Fe(VI)-coated sand.  

While over 40 TPs were identified in reaction systems containing trace organics, eight TPs were 

portrayed in Figures 3.3–3.5 because they were formed at the highest yield: TP-100, TP-186, 

TP-218, TP-230, TP-246, TP-274, TP-275, TP-290 (Figures 3.3–3.5). For all eight featured TPs, 

we observed a sharp increase (by 2 orders of magnitude or greater) in peak area after 5-min of 

reaction, which confirms the fast reactivity of the Fe(VI)-coated sand towards the trace organics. 

Additionally, all the featured TPs except for TP-230 and TP-275 exhibited an increase in peak 

area at pH 7.5 (Figure 3.5B-C) emphasizing the greater reactivity of Fe(VI) at pH 7.5 due to the 

HFeO4
- species. However, for TP-230, we observed more than an 85% decrease in peak area in 

the presence of trace metals at both pH values (Figures 3.4B and 3.5B). Furthermore, the 

maximum peak area obtained in the presence of the trace metals (in the MO9 and MO7.5 

systems) was recorded at 5-min of reaction which indicates that TP-230 formed within 5-min of 

treatment then subsequently decreased. These results suggest that the presence of trace metals 

inhibits the formation of TP-230, or that the trace metals react with TP-230 to form metal 

complexes. Additionally, the TP-275 peak area after 5-min of reaction in the MO7.5 system was 
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35% greater than the peak area in the MO9 system; however, after 3 hours of reaction, the peak 

area in the MO7.5 system was 74% less than the peak areas in the MO9 system. This implies 

that the formation of TP-275 is a pH-dependent reaction, and that TP-275 may be undergoing 

reactions with the trace metals.  

In the MO9 and MO7.5 systems, BZT oxidation did not occur suggesting that TP-275 is a 

transformation product of either ACM or SMX. Furthermore, under pH 7.5 and 9 conditions, 

SMX is deprotonated whereas ACM is protonated (see Table 3.1). Thus, we hypothesize that TP-

275 is a transformation product of SMX that can react with the positively charged metal species 

via electrostatic interactions. In particular, at pH 7.5 in the MO7.5 system, Cu, Pb and Zn exist 

predominantly as Cu2+, Pb2+, Zn2+ (Table B3A), thus complexation between these cations and a 

negatively charged transformation product may explain the significant decrease in peak area in 

the MO7.5 system. Future work will be performed to identify these compounds and elucidate 

their fate in our treatment systems. 

Comparing the trends in the TP yields with the measured oxidation efficiencies of the trace 

organics suggests that TP-100, TP-186, TP-218 and TP-246 are potential oxidation products of 

ACM, whereas TP-274 and TP290 may be oxidation products of SMX. While we recorded a 

slight increase in peak area at pH 7.5 for TP-100, TP-186, TP-218, and TP-246 (Figure 3.5), 

their peak areas were relatively similar across the test reaction systems (i.e., O9, MO9, and 

MO7.5 in Figures 3.3B, 3.4B and 3.5B). For example, the peak areas for TP-218 after 3 hours of 

reaction were 3.82×106 in the O9 system, 4.26×106 in the MO9 system, and 4.94×106 in the 

MO7.5 system. The consistent formation of these TPs at similar quantities aligns with the 

comparable oxidation capacity observed for ACM across the three reaction systems containing 

trace organics (Figures 3.3A-3.5A). Oxidation of organic compounds by Fe(VI) occurs via 
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electrophilic attack of electron rich moieties (e.g., phenols, amines, anilines and olefins).32, 44, 68 

Thus, we hypothesize that Fe(VI) oxidation of ACM and SMX will occur with their phenolic and 

aniline moieties, respectively. For ACM, oxidation could proceed by separation of the amide 

moiety and phenol moiety followed by cleavage of the latter190 to produce TP-100 (Figure B8). 

Additionally, oxidation of ACM could occur via hydrolysis. In neutral to alkaline solutions, 

Fe(VI) reacts with water to form Fe(OH)3 and OH-.149 We suspect that the formation of OH- 

could enhance hydrolysis of ACM at the benzene ring190 to produce TP-186 (Figure B8). 

Conversely, the chemical structure of SMX can contribute to multiple oxidation pathways for 

reaction with Fe(VI) which can happen via the aniline group, the isoxazole group, or at the N–S 

bond (Figure B9).42, 191 The hypothesized SMX TP-274 peak area decreased by 94% in the MO9 

system compared to the O9 system after 3 hours of reaction. At environmental pH (i.e., the 

MO7.5 system), the TP-274 peak area increased by 50% compared to the peak area in the O9 

system. The observed trends with respect to peak area magnitude correspond with the trends in 

SMX oxidation observed in the MO9 (Figure 3.4A) and MO7.5 (Figure 3.5A) reaction 

systems.  Furthermore, the literature reports an oxidation product with m/z value of 276 during 

the oxidation of SMX by Fe(VI).115, 191 We hypothesize that the TP-274 detected in our study is 

similar to this oxidation product reported in literature. The formation of this transformation 

product occurs through the cleavage and subsequent hydroxylation of the isoxazole moiety in 

SMX191, 192 (Figure B9). It is further degraded via hydroxylation of the benzene ring to form a 

product with a reported m/z value of 292.191, 192 We attribute this compound to TP-290 reported 

in our study (Figure B9).  
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3.3.5. Wastewater effluent constituents inhibit trace organic oxidation but promotes 

trace metals sorption 
Trace organics removal by Fe(VI)-coated sand is reduced in the synthetic wastewater 

reaction system. After 3 hours of reaction with the media, only 7.24% removal of SMX was 

achieved (Figure 3.6A). While the oxidation efficiency of ACM remained high (98.4%) (Figure 

3.6A), the degradation was slower in SWW compared to degradation in the borate buffer 

solutions (Figures. 3.3-3.5). Oxidation of BZT in the SWW was minimal, and, as before, we 

observed an artificial increase in the aqueous BZT concentration during the reaction period 

(Figure 3.6A). While some studies have reported no effect of inorganic ions (i.e., Na+, Ca2+, Cl-, 

HCO3
-) on Fe(VI) oxidation capacity,68, 93 others have noted that the presence of these ions will 

impede ferrate oxidation.39, 92 For example, Feng et al. observed a 10% decrease in flumequine 

oxidation by Fe(VI) in the presence of Ca2+ and Mg2+ ions39 which was attributed to the catalytic 

effects of these cations on the self-decomposition of Fe(VI) in solution.39, 82 Specifically, Ma et 

al. investigated the effect of Ca2+ on Fe(VI) decomposition at pH 9-10 and demonstrated that 

Ca2+ bridges FeO4
2- ions to facilitate the formation of the diferrate intermediate82 which 

undergoes reduction to produce Fe(III).82, 117 The same effect is expected for other divalent ions 

present in the synthetic wastewater matrix (i.e., Mg2+).82 In the SWW treatment system, Fe(VI) 

consists of predominantly FeO4
2- ions (83.4%); thus, we suspect that the Ca2+ and Mg2+ ions 

present will react with FeO4
2- to catalyze Fe(VI) decomposition and decrease the oxidation of 

ACM and SMX.  



76 
 

Conversely, the SWW constituents enhanced trace metals removal by the Fe(VI)-coated 

sand. Greater (>94%) and faster (within 5 min of reaction) removal efficiencies were recorded 

for all three trace metals in the SWW reaction system (Figure 3.6B) compared to the treatment 

systems in borate buffer. While the removal of Cu and Pb can be partially attributed to removal 

of solid phases through filtration, the removal of Zn is completely achieved by the media. In the 

SWW control samples absent Fe(VI)-coated sand, Zn removal did not occur (Figure B4D); 

however, the presence of the media led to a 94.7% removal of Zn in SWW (Figure, 3.6B). 

Therefore, while the self-decomposition of Fe(VI) by the Ca2+ and Mg2+ ions hindered 

transformation of trace organics within the SWW matrix, the faster generation of Fe(III) species 

in solution promoted trace metals removal. However, we observed that the total mass of leached, 

aqueous Fe(VI) in the SWW reaction system (Figure B7) was comparable to the leached mass in 

the MO9 system (Figure B6C) indicating that the effect of Ca2+ and Mg2+ might be limited to 

interferences with oxidative processes in our treatment systems.   

The decreased oxidation efficiency of trace organics coupled with the enhanced removal of 

trace metals in the SWW matrix suggest a hierarchy in Fe(VI) reactivity toward contaminants 

Figure 3.6. Removal of nominally 500 µg/L (each) of (A) ACM, BZT, SMX and (B) Cu, Pb, Zn by 2 g/L 

Fe(VI)-coated sand in synthetic wastewater solution as a function of time. 
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and co-existing ions. The significant difference in ACM and SMX oxidation efficiencies (Figure 

3.6A) in the SWW matrix (91%) compared to the difference in oxidative removal of ACM and 

SMX in the MO9 (10%) and MO7.5 (no difference) systems demonstrates preferential affinity 

of the Fe(VI)-coated sand for ACM. Furthermore, the diminished oxidation efficiency of SMX 

and BZT in the SWW matrix indicates that Fe(VI) favorably reacts with hydrophilic and 

protonated ACM, divalent cations, and water molecules in the SWW system. Additionally, these 

three interactions boost formation of Fe(III) phases to significantly improve trace metals 

removal.  These results further demonstrate the promising potential for Fe(VI)-coated sand for 

treatment of contaminants in complex matrices.   

3.4. Conclusion 
The Fe(VI)-coated sand composite media proved to be a highly effective treatment for 

Fe(VI) deployment in water treatment applications. The effect of water chemistries (i.e. pH and 

inorganic ions) and matrix complexity (i.e., multiple contaminants) on the reactivity of the 

Fe(VI)-coated sand was explored through batch tests.  Treatment of ACM, SMX, BZT, Cu, Pb, 

and Zn at equal initial concentrations revealed that the Fe(VI) had a greater affinity for the trace 

organics, especially for ACM for which removal efficiency exceeded 90% under all experimental 

conditions tested. The presence of Cu in the treatment systems inhibited BZT removal due to the 

formation of Cu–BZT complexes. Therefore, if such complexes form in solution during 

application of Fe(VI)-coated sand, treatment of both complex components may be compromised. 

A faster removal of ACM and SMX was achieved at pH 7.5 compared to pH 9 indicating that the 

lower, environmental pH is favorable for trace organics oxidation due to the increased presence 

of HFeO4
- ions in solution. The removal of ACM and SMX decreased at pH 9 in the presence of 

trace organics and at pH 8 in the presence of trace metals and inorganics ions, suggesting that at 
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pH values where HFeO4
- ions exist in smaller quantities, the removal of trace organics may 

depend on the ratio of Fe(VI) species to contaminants. HRMS results indicated that removal of 

trace organics occurred via oxidation and showed a sharp increase by 2 or more orders of 

magnitude in the peak area of the transformation within 5 min of reaction, validating the high 

reactivity of the media towards the trace organics. While Cu and Pb removal was partially 

attributed to the removal of their mineral solid phases, Zn removal was solely via interaction 

with the Fe(VI)-coated sand. Thus, the increased removal of Zn in the presence of trace organics 

indicated that trace metals removal was achieved by Fe(III) formed in solution after Fe(VI) 

reaction with the trace organics.  

This study demonstrates the potential for Fe(VI)-coated sand media for treatment of multiple 

contaminants in complex matrices such as in wastewater effluents. Here, we used concentrations 

that are higher than typical concentrations of trace organics and trace metals in the environment. 

We expect as with any chemical oxidant and coagulant, 100% removal or degradation of all 

contaminant types will not be achieved. Therefore, our goal was not to optimize the Fe(VI)-

coated sand for contaminant remediation, but rather to evaluate its viability as treatment media. 

Future work exploring the treatment capabilities of the Fe(VI)-coated sand will probe removal of 

contaminants at environmentally relevant concentrations as well as in the presence of dissolved 

organic carbon to better assess the Fe(VI)-coated sand capacity for treatment. Additionally, we 

will also assess Fe(VI)-coated sand performance during column studies to mimic real-world 

treatment systems.  
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Chapter 4. Effects of Effluent Organic Matter on Ferrate 

(Fe(VI))-coated Sand Reactivity  

4.1. Introduction 

Wastewater effluents contain organic matter for which the composition depends on the 

source of the influent wastewater and the wastewater treatment processes.193 The presence of the 

organic matter poses challenges for the discharge and further treatment of the effluent 

wastewater. Particularly, dissolved organic matter which constitutes more than 90% of effluent 

organic matter (EfOM)193 has been linked to toxic effects on microorganisms in receiving waters. 

For example, Vazquez and Fatta-Kassinos evaluated the toxicity of wastewater samples from two 

sewage treatment plants on freshwater and saltwater microorganism (i.e., Pseudokirchneriella 

subcapitata, Daphnia magna, Artemia salina, Vibrio fischeri) and observed higher toxicity in the 

effluent wastewater compared to the influent samples and samples taken after secondary 

treatment.194 The toxicity was higher in the summer season, which is concerning because of 

water reuse applications in Cyprus where the study was conducted, especially in summer when 

water demand is high. Additionally, the presence of organic matter can lead to the formation of 

disinfection byproducts in wastewater treatment plants where disinfection is done prior to 

discharge of the treated wastewater.195 On the other hand, EfOM can aid to alleviate the toxicity 

of wastewater effluents. Studies have reported that effluent organic matter can complex metals in 

wastewater effluents thus reducing their bioavailability and toxicity to microorganisms in 

receiving streams.196-198 Worms et al. observed a decreased intracellular Cd content in green 

alga C. kesslerii exposed to ultrafiltered and colloidal isolates from wastewater effluents.196 

Micropollutants (e.g. pharmaceuticals, personal care products, pesticides, endocrine disrupting 

compounds) that are not completely removed during wastewater treatment can also react with 
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EfOM via hydrophobic and hydrophilic interactions,193 thus reducing their direct discharge into 

receiving waters.  

The efficiency of water treatment technologies is affected by organic matter. For 

example, EfOM can impede treatment of organic pollutants, especially treatment via oxidation21, 

199 and adsorption processes.200, 201 Steigerwald and Ray observed a 60% reduction in 

perfluorooctane sulfonate adsorption in the presence of EfOM when they evaluated a spent 

coffee ground biochar media for treatment of wastewater effluent.200 The EfOM can sorb to 

adsorptive media, thus reducing sorption sites available for contaminants.200, 201 Dissolved 

organic matter contains phenolic moieties that can react rapidly with chemical oxidants (e.g., 

ozone), thus reducing the availability of the oxidant for treatment of organic compounds. This 

inhibitory effect of organic matter is  particularly concerning for wastewater treatment plants 

because adsorption onto activated carbon or advanced oxidation processes are often used as a 

final treatment step for wastewater prior to discharge.7 Similarly, EfOM can impede trace organic 

compounds oxidation by ferrate (Fe(VI)). Initially proposed for drinking water treatment, Fe(VI) 

has gained increased attention for wastewater treatment. Researchers have investigated the 

effects of organic matter on Fe(VI) aqueous stability and reactivity,68, 92, 199, 202 especially because 

of Fe(VI) sensitivity to water chemistries and composition. Manoli et al. observed a 15% 

decrease in removal of caffeine by Fe(VI) in a secondary effluent wastewater compared to 

removal in ultrapure water.92 This decrease was even greater (31.4%) when acid-activated Fe(VI) 

was used,122 confirming reactions between Fe(VI) and EfOM which would consume the Fe(VI) 

otherwise available for organic compounds oxidation.  

In this study, we assess the effect of EfOM on the reactivity of the Fe(VI)-coated sand 

media in synthetic wastewater effluent. Specifically, we evaluate this effect on  the removal of 
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trace metals (i.e. copper (Cu), lead (Pb), and zinc (Zn)) and organic compounds (i.e., 

acetaminophen (ACM), sulfamethoxazole (SMX), phenol (PHE)) commonly found in 

wastewater effluents. Humic acid, bovine serum albumin, sodium alginate and octanoic acid 

were chosen to mimic the humic, protein, carbohydrate and fat composition of typical EfOM. 

Our previous study (Chapter 3) indicated that the presence of divalent cations in the synthetic 

wastewater effluent (SWW) effluent solution reduced organic compounds oxidation while 

catalyzing Fe(VI) self-decay which promoted trace metal removal by the in-situ produced 

Fe(III). Here, we hypothesize that the combining effects of the EfOM reactions with Fe(VI) and 

divalent cations catalytic effects would further reduce the oxidation of the organic compounds. 

Furthermore, EfOM could complex the trace metals resulting in their increased sorption.  

4.2. Materials and Methods 

4.2.1. Chemicals 

Bovine serum albumin lyophilized powder (96%), alginic acid sodium salt from brown 

algae, technical grade humic acid, octanoic acid (98%) were purchased from Sigma Aldrich and 

used to mimic composition of effluent organic matter constituent. Puriss p.a. grade potassium 

hydrogen phthalate monobasic was purchased from Sigma Aldrich (St. Louis, MO) and used to 

prepared organic carbon standards for total organic carbon analysis. Details of all other 

chemicals used in this study are as described in Chapters 2 and 3, and Appendix A and B. All 

experiments were conducted using ultrapure Milli-Q water (resistivity: 18.2 mΩ). 

4.2.2. Evaluation of effluent organic matter effects on Fe(VI)-coated sand 

reactivity 

 Initial experiments to assess the effects of EfOM on Fe(VI)-coated sand reactivity were 

conducted in ultrapure water buffered at pH 9 with 10 mM Na2B4O7 buffer. Approximately 100 
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mg of the Fe(VI)-coated sand was added to 50 mL of 10 mM Na2B4O7 containing roughly 250 

µg/L of phenol and synthetic EfOM in a 50-mL polypropylene centrifuge tubes. The synthetic 

EfOM (Syn-EfOM) was prepared as discussed in Motsa et al.203 The composition included 

bovine serum albumin (2.5 mg/L), sodium alginate (2 mg/L), octanoic acid (0.5 mg/L), and 

humic acid (5 mg/L).200, 203 At designated time intervals, a 2 mL aliquot was quenched with 20 

µL of 500 mM Na2SO3 to stop the reaction between aqueous Fe(VI) and PHE and then filtered 

with a 0.2 µm, 25 mm diameter cellulose acetate syringe filter before analysis using high 

performance liquid chromatography (HPLC) methods (Appendix C1). A 4 mL aliquot was taken 

and filtered with 0.2 µm, 25 mm diameter cellulose acetate syringe filter and 1 mL of the aliquot 

was used for aqueous Fe(VI) measurements via the 2,2’-azinobis-(3-ehtylbenzothiazoline-6-

sulfonate) (ABTS) colorimetric method139 via UV-Vis spectroscopy using a Shimadzu UV-2700 

spectrophotometer (Kyoto, Japan). 2 mL of the filtered aliquot was diluted with Milli-Q water 

before total organic carbon (TOC) measurements using a Shimadzu (Kyoto, Japan) TOC-L 

analyzer. Batch experiments were also conducted using Fe(VI) powder to compare the effects of 

the Syn-EfOM on the Fe(VI)-coated sand and the Fe(VI) powder. Fe(VI) powder synthesized in 

our laboratory was added to 50 mL solutions of 10 mM Na2B4O7 containing 250 µg/L of phenol 

and the synthetic effluent organic matter. Aliquots were taken and analyzed as described above.  

 The effects of Syn-EfOM on the Fe(VI)-coated sand reactivity in a more complex matrix 

were investigated with batch experiments using a SWW solution containing the Syn-EfOM and 

50 µg/L of ACM, SMX, PHE, Cu, Pb, Zn each. The synthetic wastewater composition was as 

described in Chapter 3 and Appendix B. Aliquots were taken as above. Additionally, 500 µL of 

the filtered aliquot was further diluted with MilliQ-water and acidified to 2% trace metal grade 
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nitric acid for inductively coupled plasma orbital mass spectrometry (ICP-MS) analyses using a 

Perkin Elmer Nexion 2000B inductively coupled mass spectrometer (Waltham, MA).  

Control experiments in the absence of Fe(VI)-coated sand and in the presence of Syn-

EfOM were conducted to determine interactions between the trace metals and organics with the 

Syn-EfOM. Control experiments in the absence of Fe(VI)-coated sand and of the Syn-EfOM 

were also conducted.  

All experiments were conducted in triplicates. 

4.3. Results and Discussion 

4.3.1. Production of Fe(V) and Fe(IV) species enhances degradation of trace 

organics in the presence of effluent organic matter 

 Phenol degradation by Fe(VI)-coated sand and Fe(VI) powder was enhanced in the 

presence of the synthetic effluent organic matter. After 5 min, the degradation efficiency of 

phenol was 79.4% by Fe(VI)-coated sand and 92.3% by Fe(VI) powder (Figure 4.1). These 

degradation efficiencies were higher than the efficiencies obtained in our previous study169 where 

phenol degradation in the absence of Syn-EfOM was 51% by Fe(VI)-coated sand and 37% by 

Fe(VI) powder. Control experiments conducted in the absence of media revealed no loss of 

phenol in solution suggesting that there were no interactions with the Syn-EfOM. We suspect the 

involvement of Fe(V) and Fe(IV) reactive species in the increased degradation of phenol in our 

treatment system. Guo et al. observed enhanced oxidation of sulfamethoxazole and trimethoprim 

by Fe(VI) in the presence of natural organic matter.204 They attributed this increase to the 

formation of Fe(V) and Fe(IV) from reactions between Fe(VI) and phenolic moieties in the 

natural organic matter.204 We observed an initial decrease in TOC in both Fe(VI)-coated sand and 

the Fe(VI) powder systems (Figure 4.1), which could be due to the reaction between Syn-EfOM 
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and aqueous Fe(VI). Similar degradation of phenol by Fe(VI)-coated sand was observed in the 

SWW effluent matrix (Figure 4.2). 

 

 

 

 

 

 

 

 

Figure 4.1. Degradation of nominally 250 µg/L phenol in 10 mM borate buffer pH 9 in the 

presence of nominally 10 mg/L synthetic effluent organic matter by (A) 12.6 mg/L Fe(VI) 

powder and (B) 2 g/L Fe(VI)-coated sand. (Top) Normalized degradation of phenol and total 

organic carbon, (bottom) changes in aqueous Fe(VI). The error bars represent the standard 

deviation from triplicate samples.  
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Production of Fe(VI) and Fe(V) species is further confirmed by near complete 

degradation of SMX in the treatment system. More than 80% degradation of SMX was achieved 

in the presence of media and control experiments indicate no interactions with the Syn-EfOM. 

Although the initial concentrations of trace organics used in this study (i.e., 50 µg/L) are 

significantly smaller than the concentrations (500 µg/L) from our previous study (Chapter 3), a 

comparison between these results hints at the presence of more reactive species in our treatment 

systems with EfOM. Previously, we observed minimal degradation of SMX in the synthetic 

wastewater effluent solution containing no EfOM. Compared to degradation of SMX in the 10 

mM borate buffer pH 7.5 systems, results in the SWW (no Syn-EfOM) was explained by both 

the reduced quantities of HFeO4
- at pH values greater than 7.3 and the complexities of the SWW 

matrix which lowers the ratio of Fe(VI) to water components thus limiting its oxidation capacity 

(Chapter 3). In this work, we observed significant degradation of all three organic compounds 

despite the added layer of Syn-EfOM. Furthermore, aqueous Fe(VI) concentrations were similar 

in the treatment systems with and without contaminants (Figure C3). This suggests formation of 

Fe(V) and Fe(IV) and enhanced degradation of the trace organics.  
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4.3.2. Complexation with effluent organic matter govern removal of trace metals   

Removal of Pb in the synthetic wastewater effluent is primarily driven by interactions 

with the effluent organic matter. Similar removal efficiencies were observed for Pb in the 

absence (Figure 4.2A1) and presence (Figure 4.2A2) of Fe(VI)-coated in the synthetic 

wastewater effluent containing Syn-EfOM indicating that in the Fe(VI)-coated sand treatment 

Figure 4.2. Normalized removal of (left panel) nominally 50 µg/L of Cu, Pb, and Zn each and (right 

panel) nominally 50 µg/L of ACM, PHE, SMX each in the synthetic wastewater effluent containing 

nominally 10 mg/L of synthetic effluent organic matter in (A) the absence and (B) the presence of 2 g/L 

of Fe(VI)-coated sand. The error bars represent the standard deviation from triplicate samples. 
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system, removal of Pb was due to removal by Syn-EfOM. Trace metals can complex with 

organic matter and sorb onto their surface; thus, we suspect that this complexation mechanism is 

the underlying factor for Pb removal. While Syn-EfOM achieves some level of removal (40% 

within 30 min) of Zn (Figure 4.2A1), the removal was more pronounced in the Fe(VI)-coated 

sand system where we observed 70% removal of Zn. Our previous study revealed that metals 

removal during treatment by Fe(VI)-coated sand was led by sorption to in situ formed Fe(III). 

These results indicate that trace metals removal in the SWW effluent containing Syn-EfOM 

could occur via: (1) complexation and sorption to Syn-EfOM, (2) in situ Fe(III) formed from 

Fe(VI) self-decay, Fe(VI), Fe(V) and Fe(IV) reactions with organic compounds, and Fe(VI) 

reactions with Syn-EfOM.  

Cu removal did not occur in the synthetic wastewater effluent system. Control 

experiments in the absence of Fe(VI)-coated sand show no loss of Cu in solution (Figure 

4.2A1). Removal did not occur in the presence of Fe(VI)-coated sand either. In our previous 

Figure 4.3. Changes in total organic carbon concentration in the synthetic wastewater effluent with (A) 

effluent organic matter in the presence of Fe(VI)-coated sand, (B) effluent organic matter and trace metals 

and trace organics in the absence of Fe(VI)-coated sand and (C) effluent organic matter and trace organics 

and trace metals in the presence of Fe(VI)-coated sand. The error bars represent the standard deviation 

from triplicate samples. 
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study (Chapter 3), Cu removal was mainly driven by its complexation with benzotriazole, which 

was not included in this study. However, we observed a 26% increase from the initial Cu 

concentration after 1 hr treatment in the Fe(VI)-coated sand system. Pb and Zn also exhibited an 

increase in concentration (Figure 4.2A2), hinting possible desorption and redissolution of these 

metals. We posit that the interactions (i.e., complexation, sorption) of the metals to the Syn-

EfOM is immediate but can be limited by Fe(VI) reactions with Syn-EfOM. A recent study by 

Wang et al. reported that Fe(VI) and Mn(VII) do not mineralize EfOM during treatment of 

secondary wastewater effluent, but rather they convert some macromolecules of EfOM into 

smaller molecules.199 Similarly, we observed minimal (<20%) reduction in TOC content in our 

treatment systems (Figures 4.1 & 4.3) indicating that complete mineralization of the Syn-EfOM 

did not occur.  In our treatment systems, the changes in Syn-EfOM structural composition could 

change their interactions with the trace metals which could explain the sudden increase in their 

concentration. 

4.4. Conclusion 

 Organic matter is ubiquitous in the environment and present in natural and engineered 

systems. Effluent organic matter especially can influence advanced treatment of wastewater 

effluent. Treatment of ACM, PHE, SMX, Cu, Pb, and Zn at environmentally relevant 

concentration by Fe(VI)-coated sand in the presence of Syn-EfOM revealed that Syn-EfOM can 

promote formation of reactive Fe(V) and Fe(IV) to enhance organic compounds degradation. 

Additionally, Syn-EfOM can remove Pb and Zn from solutions, however the possible changes in 

Syn-EfOM structure after reactions with Fe(VI) could lead to a redissolution of trace metals. 

Therefore, closer monitoring of the treated waters might be needed in facilities deploying 

Fe(VI)-coated sand for treatment of water containing EfOM and trace metals.  
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EfOM is comprised of many complex molecules and can differ depending on the source 

of the raw water. Thus, future studies that use real wastewater solutions are needed to fully 

comprehend the effects of EfOM on Fe(VI)-coated sand reactivity.  
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Chapter 5. Implications and Conclusions 
The increasing presence of harmful chemicals in wastewater effluents due the 

inefficiency of conventional wastewater treatment plants poses challenges for wastewater 

reclamation and reuse applications that are increasingly being considered to address water 

shortage crises. This dissertation presents a novel Fe(VI)-coated sand composite media to 

enhance treatment of trace organics and metals in wastewater effluent.  Batch studies showed 

that the Fe(VI)-coated sand stability and reactivity are affected by water chemistries. Significant 

degradation (>80%) of trace organics (i.e., phenol, acetaminophen, sulfamethoxazole) typically 

found in wastewater effluents was achieved whereas the removal of trace metals was only 

favored in systems where Fe(III) production was catalyzed. Despite Fe(VI) sensitivity to water 

chemistry, considerable level of contaminants removal was still achieved in the synthetic 

wastewater effluent matrix. This composite media offers an easier deployable method for Fe(VI)-

coated sand in water treatment systems.  

While this dissertation emphasized Fe(VI)-coated sand reactivity in a wastewater effluent 

matrix, this media has potential for diverse water treatment applications. For example, Fe(VI)-

coated sand can be deployed in advanced water treatment plants to replace ozonation, sand 

filtration and activated carbon treatment often used in these facilities to treat secondary effluent 

before discharge or reuse.7 The added filtration benefit of Fe(VI)-coated could be leveraged to 

remove solids during treatment. Then, an advanced filtration step (e.g., microfiltration, 

ultrafiltration, biologically active filtration) could follow to remove remaining particles that were 

not removed by the Fe(VI)-coated sand (Figure D1). Additionally, Fe(VI)-coated sand media can 

be beneficial for on-site decentralized wastewater treatment to alleviate treatment and 

operational costs on existing treatment plants. Due to its multifunctional properties as a 

coagulant, disinfectant and oxidant, researchers have proposed Fe(VI) as a one-step treatment 
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technology.48, 205, 206 Similarly, the Fe(VI)-coated sand could be deployed as a one unit treatment 

process. If necessary, an additional coagulation/sedimentation step could be added to further 

remove soluble particles before discharge or reuse applications of the treated wastewater. For 

drinking water treatment, Fe(VI) can be deployed in sand filters and used for an advanced 

filtration treatment. The oxidative treatment that would then occur during filtration could reduce 

the need for chlorination.  

Preliminary column studies were conducted to assess the Fe(VI)-coated sand performance 

during continuous flow treatment and revealed that the current synthesis method for the Fe(VI)-

coated sand could introduce Fe(III) sludge in the treatment lines (Figure D1-D3), which would 

require solid-liquid separation technology. Column studies conducted to assess the media 

performance in infiltration systems resulted in fast leaching of the Fe(VI) off the sand surface 

(Figure D2). Column tests were conducted using short plexi glass columns (inner diameter =  1 

cm, height = 5 cm) purchased from DWK Life Sciences (Milville, NJ) (Figure D1). PVC pipes, 

fittings, adapters purchased from McMaster Carr (Elmhurst, IL) were used for flow transport. 

The columns were packed with different ratios of Fe(VI)-coated sand media and uncoated 

Ottawa sand to achieve 0, 25 and 100 weight percent of Fe(VI)-coated sand. Approximately 0.5 g 

of silanized glass wool, purchased from MilliporeSigma (Bellevue, WA) was packed in the 

entrance of the column to prevent media loss. An Ismatec IPC 12-channel peristaltic pump was 

used to control the upward flow rate of 1 mL/min of water through the columns. A tracer test 

conducted on the 100% virgin sand packed columns using ABTS as the tracer indicated that the 

pore volume was 14.5±4.9 mL. The influent solution was composed of synthetic wastewater 

effluent matrix as described in Chapter 3, effluent organic matter as described in Chapter 4, and 

trace metals and trace organics at 50 µg/L each. As the influent solution flowed through the 
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column, we noticed Fe(VI) leaching off the sand surface and exiting the column. Sampling of the 

columns were done every two minutes; and the aliquots were quenched with 500 µL of 500 mM 

Na2SO3 to stop Fe(VI) reactions. The reactions between the quencher and Fe(VI) produced 

Fe(III) sludge visible in the effluent (Figure D3). This fast leaching of the Fe(VI) indicates 

binding agents that can form stronger interactions with the Fe(VI) to retain onto the sand surface 

for longer periods of time might be needed.  

Future studies could explore enhancements or alternatives to the proposed synthesis method. 

Liu et al. developed a Fe(III)-encapsulating silica and amine modified sand using hydrolyzed 

TeOS and an aminosilane compound for phosphorous removal in wastewater.143 The Fe(III) on 

this mesoporous sand could be oxidized to Fe(VI). Currently, the Fe(VI)-coated sand is 

synthesized by introducing the TeOS-sand to a slurry of potassium ferrate. However, preliminary 

regeneration tests suggest that the Fe(VI)-coated sand could be produced by oxidizing a Fe(III)-

coated sand. During the column studies discussed above, the Fe(III) particles were not visible in 

the effluent solution after approximately 12-14 min (i.e., 1 PV) of sampling; however, the sands  

in the columns still display a slight orange color typically indicative of Fe(III) presence. 

Regeneration the media was attempted via two methods: (1) approximately 25 mL of KOCl 

solution prepared by reacting Ca(OCl)2 and KOH as done during Fe(VI) synthesis (Appendix A 

& Chapter 1) was flowed at 1 mL/min through a column that had 100% Fe(VI)-coated sand, then 

the column was capped and left for approximately 24hr; (2) the sand was transferred from the 

column into a 50 mL centrifuge tube containing 25 mL of KOCl solution and stirred for 

approximately 24 hour before filtration. The regenerated media obtained through both methods 

were then placed in a vacuum oven. Visual characterization of the sands (Figure D4) shows a 

light pink, purple color which would indicate Fe(VI) speciation. This implies that Fe(III) already 



93 
 

present on a sand surface could be oxidized into Fe(VI) to form the Fe(VI)-coated sand. 

Additionally, a multilayer Fe(VI)-coated sand that introduces Fe(VI) to the treatment system 

sequentially could be explored. This composite would have a core of sand with multiple layers of 

Fe(VI) separated by layers of binding agent or binding agent and silica. Feng et al. reported that 

multiple addition of Fe(VI) led to complete degradation of fluoroquinolone (FQ) antibiotics 

compared to a single addition with Fe(VI):FQ molar ratio equivalent to the total molar ratio 

added during the multi-step treatment.39 These possible avenues could result in more stable 

Fe(VI)-coated sand composite.  
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Appendix A: Supporting Information for Chapter 2 

A1. Synthesis of potassium ferrate 
The potassium ferrate (K2FeO4) solution was prepared via the wet oxidation process 

following a method adapted from Guan et al.137 A saturated solution of 13 M KOH was prepared, 

chilled and stored at 4 °C throughout the synthesis to maintain cold temperature conditions. 

Approximately 15 g of CaOCl2 was added to 25 mL of the saturated KOH solution. The mixture 

was stirred for 30-60 min and filtered using a Whatman glass microbore filter (grade GF/A) 

paper to obtain a yellow solution of potassium hypochlorite. An additional 20 mL of the 

saturated KOH was added to the yellow filtrate, and the mixture was placed in an ice bath for 20-

30 min to precipitate potassium chloride. The potassium chloride suspension was further filtered 

with a GF/A filter paper. Then, 8 g of pulverized ferric nitrate was added slowly and in small 

portions to the filtrate solution under cooling conditions (5 °C) to form K2FeO4. A VWR 

recirculating chiller was used to maintain the temperature of the K2FeO4 throughout the 

synthesis. The generated solution of K2FeO4 was stirred for an hour before the addition of 6 g of 

KOH. The mixture was stirred for 20 min and left to cool for 40 min. Then the solution was 

centrifuged at 4000 rpm for 10 min. The supernatant solid was discarded and the solid frozen at -

80 ˚C for 1 hr. The frozen solid was added to 50 mL of 3 M KOH solution pre-chilled at 4 ˚C. 

The mixture was shaken until the K2FeO4 solid thawed and dissolved in the KOH solution. The 

mixture was filtered into 150 mL of the saturated 13 M KOH solution and placed in an ice bath. 

The filtrate solution was left in the ice bath until solid particles started precipitating, then the 

filtrate was filtered. The solid K2FeO4 precipitate was washed subsequently with pentane (~250 

mL), methanol (~ 100 mL) and dichloromethane (~20 mL). The final product was dried at 65 ˚C 
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for 4 hrs and stored in a desiccator for future uses. The purity of the Fe(VI) was determined as 

described in section A2 below. 

Fe(VI) stock solution was freshly prepared in 10 mM borate buffer (pH 9) and used 

within 15 min of preparation to minimize Fe(VI) self-decay.  

A2. Quantification of Fe(VI) purity 
The purity of Fe(VI) in the K2FeO4 powder was determined by measuring a K2FeO4 

powder and dissolving in 5 mM Na2HPO4/1 mM Na2B4O7 solution (pH 9.25). The Fe(VI) 

concentration was determined using the absorbance at 510 nm. This purity of Fe(VI) is then 

determined as the ratio of calculated Fe(VI) concentration to the theoretical measured K2FeO4 

powder concentration. The purity of Fe(VI) in the K2FeO4 was estimated at approximately 88%.  

The purity of Fe(VI) in the Fe(VI)-coated sand was also evaluated. This was achieved by 

taking an aliquot of  K2FeO4 slurry obtained prior to sand addition and freeze-drying it. The dry 

product obtained was then used as K2FeO4 powder for purity calculation and the Fe(VI) purity 

was estimated at 8-9%. 

A3. Quantification methods of aqueous Fe species 
Aqueous Fe(VI) was measured using the ABTS colorimetric method.139 Fe(VI) samples 

were reacted with 1.82 mM ABTS buffered at pH 4.2 with a 0.6 M  acetate, 0.2 M phosphate 

buffer.139 The absorbance of the mixture was determined at 415 nm and used to calculate Fe(VI) 

concentration.  

Aqueous total Fe was determined using inductively coupled plasma – optical emission 

spectrophotometer (ICP-OES). Samples taken throughout the study for total Fe analysis were 

either in a buffer (i.e., 10 mM borate or phosphate) or in a 1% HNO3 solution. The buffered 

samples were acidified with 1% HNO3 before analysis. An internal standard solution of 100 µg/L 
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yttrium in 1% HNO3 was added to all samples before analysis to normalize changes in Fe signals 

from the ICP-OES. 

The measured aqueous Fe(II) concentration was determined using the colorimetric 

ferrozine method.207 Samples taken during Fe leaching tests and organic compound removal 

experiments were reacted with 0.01 M ferrozine prepared in 0.1 M ammonium acetate. The 

absorbance of the mixture was measured at 562 nm. Fe(III) can also react with ferrozine to form 

the Fe-ferrozine complex with absorbance at 562 nm,207, 208 thus the samples were further 

reduced by addition of 1.4 M hydroxylamine hydrochloride in 2 M HCl,207 and buffered at pH 

9.5 with 10 M ammonium acetate207 for accurate analysis of Fe(II).  

The aqueous Fe(III) concentration was determined using the colorimetric KSCN method.  

Fe(III) reacts with KSC to form a ferric thiocyanate complex.157  Samples taken during Fe 

leaching tests and organic compound removal experiments were reacted with 0.2 M KSCN and 

measured at 476 nm with the UV-Vis spectrophotometer.  

A4. Choice of buffer 
 The influence of buffering ions on the oxidation of PMSO by Fe(VI)-coated sand was 

investigated using 10 mM Na2HPO4/NaH2PO4 and 10 mM Na2B4O7 buffers at pH 9. A dose of 2 

g/L Fe(VI)-coated sand was added to the buffer solutions containing PMSO (700-740 µg/L) and 

the mixture was reacted for 1 hr. A 2 mL aliquot was taken at different sampling times and 

quenched with 20 μL of 500 mM Na2SO3 then filtered with 0.2µm, 25 mm diameter cellulose 

acetate (CA) syringe filters to measure residual PMSO and PMSO2 using high performance 

liquid chromatography (HPLC) methods.   
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A5. HPLC Method 
The concentrations of phenol, PMSO and PMSO2 were quantified using a Dionex 

Ultimate 3000 HPLC equipped with a diode array detector and an Ascentis® C18 column (2.1 

mm x 15 cm, 3 μm). The mobile phase was 0.1% formic acid in water (A) and acetonitrile (B). 

The compounds were separated in an isocratic mode of elution at 75% of 0.1% formic acid in 

water and 25% acetonitrile. The injection volume was 50 µL and the flow rate was 0.2 mL/min.  

The wavelength for each compound is given below. 

             Table A1. Wavelengths used for HPLC analysis of organic compounds. 

Compounds Wavelength (nm) Retention time (min) 

Phenol 271 8.99±0.12 

PMSO 230 4.46±0.01 

PMSO2 265 7.64±0.08 

 

Figure A.1. Spectroscopic characterization of the Fe(VI)-coated sand. (A) UV-vis absorbance spectra of 

Fe(VI) leached from the Fe(VI)-coated sand (dashed line) and reacted with ABTS (solid line). (B) UV-vis 

absorbance of Fe(VI) leached from the media (solid line) and reacted with ferrozine (dashed line). (C) 

UV-vis absorbance of Fe-ferrozine complex formed with Fe(II) chloride (straight line) and with reduction 

of Fe(VI) (dashed line). 
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Figure A2. Total aqueous Fe concentration after 1 g/L Fe(VI)-coated sand was stirred in 1% 

HNO3 for 1 min, 1 hr, 12 hrs and 24 hrs. The Fe(VI)-coated sand was prepared with virgin sand 

(no TeOS), 3hr-TeOS sand, and 24hr-TeOS sand. 



99 
 

 

 

 

Figure A3. Spectroscopic analysis of TeOS stability on TeOS-coated sand. The UV-Vis spectrum of 

the supernatant of 1 g/L TeOS-coated sand (dashed line) placed in 10 mM borate buffer and 

sonicated was compared to the UV-Vis spectrum of TeOS (4 mL solution). The absence of a peak at 

292 nm in the spectrum of the TeOS-sand indicates that TeOS did not leach from the TeOS-coated 

sand surface. 
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Figure A4. Kinetics of Fe(VI), Fe(III) and total Fe leached from 1 g/L Fe(VI)-coated sand into a 

10 mM Na2B4O7 solution at pH 7 as a function of time. Total Fe refers to the total Fe leached into 

solution at a given time.  

Figure A5. Decay kinetics of aqueous Fe(VI) from 1 g/L Fe(VI)-coated sand in a 10 mM 10 mM 

Na2B4O7 at pH 7, 8, and 9. r2 denotes the correlation coefficient of the fitted linear regression curve. 
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Figure A6. Kinetics of Fe(VI), Fe(III) and total Fe leached from 1 g/L Fe(VI)-coated sand with 3hr-TeOS 

sand modification into a 10 mM Na2HPO4/NaH2PO4 solution at pH 7, 8, 9 as a function of time. Max total 

Fe refers to the maximum mass of Fe that would leach of the surface of Fe(VI)-coated sand. This was 

determined by mixing 1 g/L Fe(VI)-coated sand into 1% HNO3 and measuring total Fe in solution. Total 

Fe refers to the total Fe leached into solution at a given time. 

Figure A7. Aqueous Fe(VI) concentration leached from 1 g/L Fe(VI)-coated sand in a 10 

mM Na2HPO4/NaH2PO4 and 10 mM Na2B4O7 solution at pH 8. 
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Figure A8. Decay of Fe(VI) in (A) 0.21 g/L K2FeO4 powder and (B) 1 g/L Fe(VI)-coated sand. The 0.21 

g/L initial concentration of K2FeO4 was chosen to obtain a concentration of Fe(VI) that will be equivalent 

to the concentration of total Fe in the Fe(VI)-coated sand system.  

Figure A9. Total Fe and Fe(VI) coating mass leached from Fe(VI)-coated sand surface as a 

function of time. 3 g/L Fe(VI)-coated sand was mixed with 1% HNO3 for the total Fe 

measurement. For the Fe(VI) coating mass determination, 3 g/L  Fe(VI)-coated sand was mixed 

with 5 mM Na2HPO4/1mM NaB4O7 buffer. 
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Figure A10. Oxidation of PMSO to PMSO2 by 2 g/L Fe(VI)-coated sand in (A) 10 mM phosphate buffer 

and (B) 10 mM borate buffer at pH 9. The initial PMSO concentration was 705±20 µg/L PMSO in the 

phosphate buffer and 738±14 µg/L PMSO in the borate buffer. 

Figure A11. Linear fitting of the reaction kinetics of 219±12 µg/L phenol and (A) 12.6 

mg/L Fe(VI) powder and (B) 2 g/L Fe(VI)-coated sand in 10 mM borate buffer pH 9. 



104 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A12. UV-Vis scans of 219±12 µg/L phenol reacted with 2 g/L Fe(VI)-coated 

sand in 10 mM borate buffer pH 9 measured at various time intervals within the 

120-min and a hydroquinone blank solution. 
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Figure A13. (Row 1) Degradation of phenol and oxidation of PMSO at different concentrations 

A. 520±8.1 µg/L phenol and 739±148 µg/L PMSO; B. 245±3.0 µg/L phenol and 394±4.7 µg/L 

PMSO) by 2 g/L Fe(VI)-coated sand and (row 2) the corresponding changes in aqueous Fe 

concentrations.  
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Appendix B. Supporting Information for Chapter 3 

B1. Chemicals and materials 

All chemicals were ACS grade and higher unless stated otherwise. Calcium hypochlorite 

(Ca(OCl)2), ferric nitrate nonahydrate (Fe(NO3)3·9 H2O), and potassium hydroxide (KOH) were 

purchased from Fisher Scientific (Waltham, MA) and used in the synthesis of potassium ferrate 

(K2FeO4). The Ottawa sand composite substrate was purchased from VWR (Radnor, PA). 

Tetraethyl orthosilicate (TeOS, Sigma Aldrich, MO) and nitric acid (HNO3, Fisher Scientific, 

MA) were used in the modification of the sand prior to Fe(VI) coating as reported in Okaikue-

Woodi and Ray.169  

Trace metals grade HNO3 was purchased from Fisher Scientific for total Fe measurements. 

Sodium tetraborate anhydrous (Na2B4O7, Across Organics, Belgium), sodium phosphate dibasic 

heptahydrate (Na2HPO4·7H2O, VWR, PA), sodium phosphate monobasic monohydrate 

(NaH2PO4·H2O, VWR, PA), acetic acid (Fisher Scientific, MA), sodium hydroxide (NaOH, 

Fisher Scientific, MA), and hydrochloric acid (HCl, Sigma Aldrich, MO) were used to prepare 

buffer solutions. 2,2’-azinobis-(3-ehtylbenzothiazoline-6-sulfonate) (ABTS) was purchased from 

Sigma Aldrich for colorimetric measurements of aqueous Fe(VI). High performance liquid 

chromatography (HPLC) grade formic acid (Agilent Technologies, CA), methanol (Fisher 

Scientific, MA) and water (Fisher Scientific, MA) were used for HPLC analyses. OptimaTM 

liquid chromatography mass spectrometry (LCMS) grade methanol (Fisher Scientific, MA) was 

used for the high-resolution mass spectrometry analyses (HRMS).  

Synthetic wastewater effluent solution was made using sodium bicarbonate (NaHCO3, 

Fisher Chemical, MA), sodium chloride (NaCl, VWR, PA), sodium phosphate dibasic 

heptahydrate (Na2HPO4·7H2O, Fisher Chemical MA), magnesium chloride hexahydrate 
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(MgCl2·6H2O), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, Thermo Scientific, MA) 

calcium chloride dihydrate (CaCl2·2H2O, Sigma Aldrich, MO), and calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O, Thermo Scientific, MA). 

B2. HPLC Method 
The concentrations of acetaminophen (ACM), benzotriazole (BZT), and sulfamethoxazole 

(SMX) were quantified using a Dionex Ultimate 3000 HPLC equipped with a diode array 

detector and an Ascentis® C18 column (2.1 mm x 15 cm, 3 μm). The mobile phase was 0.1% 

formic acid in water (A) and methanol (B). The compounds were separated in an isocratic 

method of elution at 81% of 0.1% formic acid in water, and 19% methanol. The injection volume 

was 50 µL and the flow rate was 0.2 mL/min.  The wavelength for each compound is reported in 

Table B1 below. 

Table B1. Wavelengths used for HPLC analysis of organic compounds. 

Compounds Wavelength (nm) 
Retention time 

(min) 

ACM 244 6.19±0.03 

BZT 260 18.0±0.09 

SMX 266 22.0±0.13 

 

B3. HRMS Method and Data Processing 
The oxidation products of acetaminophen, benzotriazole and sulfamethoxazole were 

determined using an Agilent 1290 Infinity ultrahigh performance liquid chromatograph 

(UHPLC) coupled to an Agilent 6546 quadrupole time-of-flight high-resolution mass 

spectrometer (QTOF-HRMS; Santa Clara, CA, USA). A reverse-phase C18 column (Agilent 

ZORBAX Eclipse Plus 2.1×100 mm, 1.8 µm) with a C18 guard column (2.1×5 mm, 1.8 µm) was 

used for the UHPLC separation at 45 ºC with 5 µL injection volume (infused with 1 µL QTOF 
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internal standard during injection for QA/QC purpose) and a flow rate of 0.4 mL/min. The 

compounds were separated using a gradient elution with mobile phases of 0.1% formic acid in 

each of deionized water (A) and methanol (B) as follows: 5% B at 0-1 min, 50% B at 4 min, 

100% B at 17-20 min, 5% B at 20.1 min; stop time 22.5 min; post-time 2 min. The flow rate was 

0.4 mL/min. Full scan data were acquired under 10 GHz Extended Dynamic Range mode at a 

range of 100-1700 m/z. 

The data analysis was initiated by isolating features with retention time between 2–18 min, 

mass-to-charge ratio (m/z) < 900 Da, and signal to noise (S/N) ratio greater than 10. Then, 

features for which the peak area was greater than 10,000 after reaction between the trace 

organics and the media were retained. The following condition was then set to further reduce the 

data: the average peak area in the control samples (time = 0 min) must be five times less than the 

average peak area in the samples taken after 5 min or 15 min or 30 min or 1 hour of reaction. The 

combination of features that fit this rule was further reduced by isolating features with peak area 

greater than 100,000 after 2 hours of reaction with the media. Then, features with relative 

standard deviation (RSD) greater than 50% at all time points were removed. Finally, the 

remaining features were checked manually to ensure that the peak area in the reaction samples 

were greater than the peak area in the control samples and the solvent (methanol) blanks. These 

exclusion criteria were set to eliminate artifacts from the dataset and to prioritize viable m/z 

values with peak area that showed significant increase from the control samples to the reacted 

samples. Replicate features with the same m/z values were eliminated by retaining the feature 

with the highest peak area. The final features are reported in Tables B5-7 added as additional 

supporting information. 
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Table B2A. Trace metals speciation at pH 9 as calculated using Visual MINTEQ. Only species with 

abundance > 1% are reported. 

 Speciation % abundance 

Cu 

Cu(OH)2 (aq) 57.1 

CuOH+ 31.0 

Cu3(OH)4
2+ 6.3 

Cu2(OH)2
2+ 2.29 

Cu(OH)3
- 2.23 

Pb 

PbOH+ 73.5 

Pb(OH)2 (aq) 23.3 

Pb2+ 2.95 

Zn 

Zn(OH)2 (aq) 86.0 

ZnOH+ 6.82 

Zn2+ 6.87 

 

Table S2B. Oversaturated mineral phases at pH 9 and their saturation index as calculated using Visual 

MINTEQ 

Mineral 
Saturation 

index 

Cu(OH)2(s) 1.27 

Pb(OH)2(s) 2.57 

CuO 

(amorphous) 
2.07 

CuO 

(colloidal) 
2.92 

ZnO 0.16 
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Table B3A. Trace metals speciation at pH 7.5 as calculated using Visual MINTEQ. Only species with 

abundance > 1% are reported. 

 Speciation % abundance 

Cu 

Cu2+ 46.1 

CuOH+ 45.6 

Cu2(OH)2
2+ 4.96 

Cu(OH)2 (aq) 2.65 

Pb 
Pb2+ 55.7 

PbOH+ 43.8 

Zn 

Zn2+ 95.8 

ZnOH+ 3.0 

Zn(OH)2 (aq) 1.20 

 

Table B3B. Oversaturated mineral phases at pH 7.5 and their saturation index as calculated using Visual 

MINTEQ 

Mineral 
Saturation 

index 

Pb(OH)2 (s) 0.84 

CuO 

(amorphous) 
0.73 

CuO (colloidal) 1.58 

        

Table B4. Composition of synthetic wastewater effluent solution used in this study 

Component Concentration Unit 

Ca2+ 26 

mg/L 

Mg2+ 13 

Na+ 58.8 

Cl- 100 

HCO3
- 70 
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NO3
- 10 

PO4
3- 0.3 

pH 8.0±0.1  

 

Table B5 (not shown). All prioritized TPs from oxidation of organics by Fe(VI)-coated sand at pH 9 in 

absence of trace metals. This table is contained in the associated Microsoft Excel® spreadsheet. 

Table B6 (not shown). All prioritized TPs from oxidation of organics by Fe(VI)-coated sand at pH 9 in 

presence of trace metals. This table is contained in the associated Microsoft Excel® spreadsheet. 

Table B7 (not shown). All prioritized TPs from oxidation of organics by Fe(VI)-coated sand at pH 7.5 in 

presence of trace metals. This table is contained in the associated Microsoft Excel® spreadsheet. 

 

 

 

 

 

 

 

 

 

 

Figure B1. (A) Speciation of Fe(VI) (left axis, black lines) and aqueous Fe(VI) self-decay rate (right axis, 

blue line) as a function of pH. (B) Distribution of the standard potential of iron species including Fe(VI) 

species. The pKa values: H3FeO4
+ (pKa = 1.6); H2FeO4 (pKa = 3.5); HFeO4

- (pKa = 7.3) were obtained 

from Rush et al.116 and decay rate constants from Lee et al.126 Data for the standard potentials was 

obtained from Pogliani et al.209 and Wulfsberg.210 
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Figure B2. XRD measurements of (A) noncoated Ottawa sand, (B) TeOS-sand, (C) 

Fe(VI) powder and (D) Fe(VI)-coated sand 

Figure B3. Normalized removal of nominally 500 μg/L trace organics (top) and trace 

metals (bottom) by 26±1.8 mg/L Fe(NO3)3 in the (A) MO9 system and (B) MO7.5 system. 
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Figure B4. Changes in aqueous Fe(VI) concentrations during reaction in the (A) M9 system; 

(B) O9 system; (C) MO9 system; and the (D) MO7.5 system. The nominal concentration for 

each contaminant is 500 μg/L. 
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Figure B5. Results showing normalized loss of Cu, Pb, and Zn (i.e., control experiments with no 

media present) with (A) nominally 500 μg/L Cu, Pb, and Zn in 10 mM sodium borate buffer at pH 

9; (B) nominally 500 μg/L Cu, Pb, and Zn in 10 mM sodium borate buffer at pH 9 in the presence 

of select trace organics (C)  nominally 500 μg/L Cu, Pb, and Zn in 10 mM sodium borate buffer at 

pH 7.5 in the presence of select trace organics and (D) nominally 500 μg/L Cu, Pb, and Zn in the 

synthetic wastewater effluent solution in the presence of select trace organics. 
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Figure B6: Results showing normalized loss ACM, BZT and SMX (i.e., control experiments 

with no media present) with (A) nominally 500 μg/L ACM, BZT, and SMX in 10 mM sodium 

borate buffer at pH 9; (B) nominally 500 μg/L ACM, BZT, and SMX in 10 mM sodium borate 

buffer at pH 9 in the presence of select trace metals (C)  nominally 500 μg/L ACM, BZT, and 

SMX in 10 mM sodium borate buffer at pH 7.5 in the presence of select trace metals and (D) 

nominally 500 μg/L ACM, BZT, and SMX in the synthetic wastewater effluent solution in the 

presence of select trace metals. 
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Figure B7. Control experiments (no media) with BZT and Cu under different experimental 

conditions. BZT initial concentrations were 427±21.4 μg/L in 10 mM Na2B4O7 pH 9, 

365±35.9 μg/L in 10 mM Na2B4O7 pH 7.5, and 371±39.9 μg/L in the synthetic wastewater 

effluent (SWW) solution. 

Figure B8. Possible oxidation pathways of ACM by the Fe(VI)-coated sand. 
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Figure B10. Changes in aqueous Fe(VI) concentrations during reaction with trace metals and 

trace organics at a nominal concentration of 500 μg/L in the synthetic wastewater effluent 

solution.  

Figure B9. Possible oxidation pathways of SMX by the Fe(VI)-coated sand 
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Appendix C. Supporting Information for Chapter 4  

C1. HPLC Method 
The concentrations of acetaminophen (ACM), phenol (PHE), and sulfamethoxazole (SMX) 

were quantified using a Dionex Ultimate 3000 HPLC equipped with a diode array detector and 

an Ascentis® C18 column (2.1 mm x 15 cm, 3 μm). The mobile phase was 0.1% formic acid 

(FA) in water (A) and 0.1% FA in methanol (MeOH) (B). The compounds were separated in an 

isocratic method of elution. The injection volume was 50 µL and the flow rate was 0.2 mL/min.  

The wavelength for each compound is reported in Table C1 below. 

Table C1. Wavelengths used for HPLC analysis of organic compounds. 

Compounds 

Solvent (FA in 

H2O:FA in 

MeOH, v/v) 

Wavelength (nm) 
Retention time 

(min) 

ACM 80/20 244 5.76±0.04 

PHE 70/30 271 10.6±0.01 

SMX 70/30 268 8.11±0.03 

 

Figure C1. Results of control experiments with no media showing normalized loss of nominally 50 

µg/L of  (A) Cu, Pb, and Zn each and (B) ACM, PHE and SMX each in the synthetic wastewater 

effluent containing synthetic effluent organic matter. 
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Figure C2. Changes in aqueous concentration of Fe(VI) in the synthetic wastewater 

effluent solution containing synthetic effluent organic matter with (open squares) and 

without (shaded squares) trace metals and trace organics. The error bars represent standard 

deviation.  
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Appendix D. Supporting Information for Chapter 5 
 

 

 

 

 

 

 

 

 

 

 

Figure D1. A proposed secondary wastewater effluent treatment train that employs Fe(VI)-coated sand. 
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Figure D2. Column test set up 

Figure D3. Image of the Fe(VI) leaching off the sand 

surface and exiting the column 
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Figure D3. Image showing  gradual decrease in Fe exiting the column with (A) 100 wt% 

Fe(VI)-coated and (B) 25 wt % Fe(VI)-coated sand 

Figure D4. Regenerated Fe(VI)-coated sand via (A) method 1 and (B) 

method 2 
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Appendix E. A critical review of contaminant removal by 

conventional and emerging media for urban stormwater 

treatment in the United States 

This appendix was previously published as: Okaikue-Woodi, F. E. K., Cherukumilli, K., Ray J. 

R. A critical review of contaminant removal by conventional and emerging media for urban 

stormwater treatment in the United States. Water Res. 2020, 187, 116434. 

doi.org/10.1016/j.watres.2020.116434  

 

ABSTRACT 

Stormwater is a major component of the urban water cycle contributing to street flooding and 

high runoff volumes in urban areas, and elevated contaminant concentrations to receiving waters 

from contact with impervious surfaces. Engineers and city planners are investing in best 

management practices to reduce runoff volume and to potentially capture and use urban 

stormwater. However, these current approaches result in moderate to low contaminant removal 

efficiencies for certain classes of contaminants (e.g., particles, nutrients and some metals). This 

review describes options and opportunities to augment existing stormwater infrastructure with 

conventional and emerging reactive media to improve contaminant removal. This critical 

analysis characterizes media physicochemical properties and mechanisms contributing to 

contaminant removal, describes possible candidates for new engineered media, highlights lab 

and field studies investigating stormwater media contaminant removal, and identifies possible 

limitations and knowledge gaps in media implementation. Following this analysis, information is 

provided regarding factors that may contribute to or adversely impact urban stormwater 

treatment by media. The review closes with insights into additional research directions and 

important information necessary for safe and effective urban stormwater treatment using media. 

https://doi.org/10.1016/j.watres.2020.116434
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E1. Introduction 

Stormwater management in urban areas has become a growing challenge for civil and 

environmental engineers and city planners. Increases in population, urbanization, and impervious 

surface coverage have led to subsequent increases in  surface runoff volume211 and decreases in 

local stormwater infiltration during natural and managed aquifer recharge.212 Lack of appropriate 

stormwater management practices result in overflow of urban stormwater into receiving waters, 

streets, and building basements during storm events. Areas with combined sewer systems 

experience greater raw sewage and stormwater runoff during overflow events (Figure E1). 
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In addition to high volumes of surface runoff and sewer overflow, another consequence 

of poorly managed and untreated urban stormwater is that it acts as a major pollution source to 

receiving waters due to elevated contaminant concentrations (Table E1). After storm events, 

hazardous contaminants in stormwater runoff are transported to local groundwater and surface 

water sources via interactions with impermeable surfaces (e.g., roads, roofs, etc.) and 

chemically-treated greenways (e.g., lawns, parks, etc.).214 Contaminant groups typically found in 

urban stormwater include suspended solids, particulate-associated (e.g. bacteria, organic), and 

dissolved (e.g. nutrients, metals, ionic salts, organic compounds) species.214-217 Some sources of 

these contaminants include: deposits from the atmosphere, roofing materials, metal pipes and 

gutters, pavement, emissions from combustion engines, tire/brake pad abrasion, gasoline, oil, and 

Figure E1. Map of combined and sanitary sewer systems in the United States.213 The adjoining table 

quantifies the number of these systems, the annual overflow events and discharge volume, and the 

number of people impacted by these overflow events.  
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brake fluid,214-217 biocides, fertilizers, flame retardants.215 The National Stormwater Quality 

Database compiled a list of multiple stormwater contaminants. In Table E1, we highlight 

representative contaminants and their concentrations. Suspended solids lead to increased 

turbidity and the build-up of sediments in receiving waters218 which impact the quality of these 

waters.  Nutrients in urban stormwater runoff216 contribute to harmful algal blooms and 

eutrophication,219 which was recently the second largest cause of United States water impairment 

affecting over 7,000 water bodies.220 Additionally, the presence of metals, organic and biological 

contaminants in urban stormwater runoff will pollute receiving waters posing risks to aquatic and 

human health.216, 221  

Table E1. Summary of national stormwater parameters and contaminant concentrations from the National 

Stormwater Quality Database.222 Data was collected from 2001 – 2018 from over 5,000 urban runoff 

events. The values for urban stormwater contaminants are the collective average from six main urban land 

uses: 49% residential, 20% commercial, 13% industrial, 6% freeways, 6% institutional, and 6% open 

space. 

Category Constituent Value Unit 

 Physicochemical Parameters 

pH 7.3 ± 0.8  

TSS 133 ± 260 

mg/L 

COD 77 ± 91 

Oil and grease 10 ± 1 

TKN  2.0 ± 3.5 

NO2
- + NO3

- 0.9 ± 1.3 

Total P 2.0 ± 3.5 

Metals 

Zn 160 ± 356 

µg/L 

Cu 26.5 ± 54.6 

Pb 24.4 ± 60.6 

Ni 7.2 ± 14.7 

Cr 7.1 ± 13.5 
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Cd 1.5 ± 5.5 

Biological Fecal coliforms 55151 ± 282910 #/100 mL 

Trace Organic Compounds* 

Total petroleum hydrocarbons 3.9 ± 4.4 mg/L 

benzene 84.7 ± 79.3 

µg/L 

2-chloroethylvinylether 3.4 ± 2.6 

chloroform 74.8 ± 159.5 

dichlorobromoethane 0.8 ± 0.5 

1,1-dichloroethane 0.6 ± 0.1 

1,2-dichloroethane 1.5 ± 3.6 

methyl chloride 5.2 ± 4.1 

methylenechloride 12.2 ± 9.4 

tetrachloroethylene 1.5 ± 1.0 

toluene 1.5 ± 2.1 

1,1,1-trichloroethane 2.4 ± 2.0 

*these 13 organic compounds were among those with the highest detection frequency 

  

Stormwater best management practices (BMPs) offer a practical solution to reduce 

surface runoff volume and street flooding and provide some level of contaminant removal. 

Architects, city planners and engineers are thoughtfully implementing permeable pavement, rain 

gardens, and bioretention223 and bioinfiltration basins221, 224, 225 to increase hydraulic 

conductivity, which promotes groundwater recharge and prevents runoff backup in cities with 

high impervious surface coverage. Other countries, including the United States, may classify 

these systems as “low-impact developments” or “green stormwater infrastructure”. For this 

review, we will refer to stormwater infrastructure as “BMPs”. Existing BMPs designed for 

filtration (e.g., bioretention systems, wetlands, sand filters, and vegetated channels) typically 

employ native soil, vegetation and/or sand in their designs which help convey urban runoff from 

the street and retain large particulates (Figure E1).221, 226 In regions of water scarcity, other BMP 
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options include urban stormwater capture by businesses and residences to create a local water 

source for non-potable applications such as landscape irrigation.227, 228 Unfortunately, BMPs may 

be ineffective in reducing dissolved concentrations of nutrients, organic compounds, metals, and 

other contaminants in urban stormwater because they are primarily designed to mitigate impacts 

of high-volume during overflow events and to remove suspended solids and large particles. 

 

Figure E1A shows the performance of common stormwater BMPs reporting the influent 

and effluent concentrations of various pollutants during urban storm events. There is a wide 

range in the total number of BMP sites reporting measurements in the database: 24 grass swales, 

Figure E1. Synthesized data from the International Stormwater Best Management Practices (BMPs) 

Database229 showing (A) number of sites reporting measurements and (B) the average removal 

efficiency of select, representative urban stormwater contaminants in grass swales, detention basins, 

retention ponds, and wetland basins. The boxplots in panel B were created by calculating the average 

removal efficiency for each unique BMP site reporting paired influent and effluent parameter 

concentration measurements during multiple storm events. COD = chemical oxygen demand; TSS = 

total suspended solids.  
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44 detention basins, 66 retention ponds, and 92 wetland basins. The majority of the BMPs in the 

database are located in the United States and the most common BMP sites reporting pollutant 

concentration data are retention ponds and wetland basins (Figure E1A). Across all BMP 

categories, there is large variability in the number of total reporting sites for each chemical 

parameter―for example, approximately 200 BMP sites report concentrations of phosphorus 

(Total P) and total suspended solids (TSS), whereas less than 25 BMP sites report chemical 

oxygen demand (COD) levels. The median removal efficiency ranges for the reported chemical 

parameters across all BMP categories are as follows: nitrogen (Total N) (14–25%), COD (16–

26%), Total P (10–38%), Total Pb (37–52%), Total Zn (51–59%), and TSS (46–64%) (Figure 

E1B). For Total N, Total P, and COD, the median removal efficiency in all selected BMP 

categories is less than 40%. Figure E1 suggests that: (1) more data is needed to accurately 

validate, compare and predict BMP contaminant removal capabilities; (2) BMP treatment 

efficacy is not reported for certain contaminants (i.e., especially trace organic compounds, Table 

E5; and (3) there is an opportunity and need to enhance the removal efficiency of all urban 

stormwater contaminants.  

Amending existing BMPs with media can enhance contaminant removal from urban 

runoff while also promoting groundwater recharge and reducing discharge volume during 

overflow events. Additionally, media amendments are a more cost-effective option for enhanced 

contaminant removal when designing and/or maintaining new stormwater infrastructure, 

particularly where physical space is limited in urban areas. When combined with conventional 

media, novel engineered media can further reduce levels of contamination in urban stormwater 

runoff to surface water or recharged groundwater. Efficient planning and heavy financial support 

from cities and states is often required to achieve these goals. To better inform decisions made by 
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engineers and city planners regarding improved management, safer discharge or infiltration of 

urban stormwater, a synthesis and critical review of available stormwater media is needed. 

In this review, we present an overview of two main types of media, conventional and 

emerging engineered media, for stormwater treatment in urban areas, where space constraints 

and contamination from industrial and other anthropogenic sources complicate stormwater 

management. These media will be further divided into organic and inorganic media, and 

composite media classifications (for engineered media). We discuss physicochemical properties 

of inorganic, organic, and composite materials affecting contaminant removal and present 

opportunities to functionalize media for targeting specific contaminants and/or enhancing 

removal. It is important to consider that the specific physicochemical properties of media may 

vary depending on how the media is prepared or synthesized. To better elucidate how media 

could be incorporated into existing and future stormwater infrastructure, we highlight key factors 

impacting contaminant removal (e.g., media characteristics, stormwater hydrology and 

composition) and provide recommendations for lab-scale media tests and material 

characterization. We conclude the review by providing insight into some potential challenges and 

uncertainties associated with performance and implementation of engineered media for 

stormwater management applications. 

E2. Conventional Stormwater Remediation Media  

Here, we highlight research conducted in the United States to assess the potential of 

different conventional media for stormwater pollutant removal. A majority of the studies were 

conducted using synthetic stormwater in lab-scale column and batch experiments, and a few 

studies report contaminant removal in columns treating real urban stormwater under field 

conditions (Table E5).  
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Figure E2 reports the removal efficiencies of conventional media to treat various 

stormwater contaminants, with a majority of the studies focused on the removal of nutrients and 

metals.  A majority of the media categories exhibit a high removal efficiency (>75%) for solids 

(volatile and total suspended solids). There are notable differences between the types of 

contaminants removed and the nature of the media. For example, inorganic media like zeolites 

and iron-based media have similar removal efficiencies for solids, pathogens, nutrients, metals 

and hydrocarbons; whereas, organic media have higher removal efficiencies for organic 

contaminants compared to inorganic media. In contrast to both organic and other inorganic 

media, sand has a lower removal efficiency with respect to organic contaminants (excluding 

hydrocarbons), metals, nutrients, and pathogens. Across all media categories, similar removal 

efficiencies were observed for hydrocarbons, while nutrient removal varies across media 

categories.  

E2.1. Organic materials 

Multiple studies have evaluated the application of organic materials such as compost, 

mulch, wood, activated carbon, biochar, peat and agricultural wastes for stormwater 

treatment.230-250 The retention and removal of stormwater pollutants by carbonaceous media is 

aided by their high organic matter content and reactive functional groups (e.g., carboxyl, 

carbonyl, hydroxyl, phenolic, amino, and sulfonyl). For example, metals removal by organic 

media was hypothesized to correlate to the amount of oxygen-containing moieties (e.g., carboxyl 

and hydroxyl) present on the surface.239, 251 The large degree of hydrophobicity and porosity of 

organic media can also facilitate  removal of organic compounds.252 Organic media can also 

improve biotransformation of organic contaminants by serving as excellent substrates for 

microbial growth. 
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E2.1.1. Biochar 

In our review of stormwater treatment media literature, we found that biochar was the 

most well-studied media with reports covering a wide range of stormwater contaminants (Figure 

E2, Tables E2 and E5). Biochar and activated carbon are among the most commonly used 

organic materials for water treatment applications. Chars possess large porosities and acidic 

functional groups to remove organic compounds via diffusion253 and complexation of metals, 

respectively.254 They are produced from raw biomass with a high content of readily available 

carbon. Biochar is produced through low-oxygen thermochemical processing of raw biomass, 

which increases the overall surface area and number of active sites for the diffusion and 

adsorption of pollutants.251, 255 Activated carbon requires additional steps employing oxygen or 

strong acids to activate the charred biomass. 251, 255 Variations in the physical and chemical 

properties of different precursor biomass feeds and thermochemical conditions used to produce 

biochar and activated carbon impact their removal capacities for different contaminants.248, 249, 251 

For example, batch experiments show that despite its lower surface area, granular activated 

carbon (GAC) produced from rice byproducts has higher affinity to Cu and Zn than nutshell-

sourced GAC under the same conditions.249 Additionally, Mohanty et al. observed that low 

temperature biochar exhibited greater removal of E. coli during stormwater infiltration studies 

and only 1% remobilization after intermittent flow compared to 3% remobilization using high 

temperature biochar.238 
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Figure E2. Boxplots show the range of reported or calculated removal efficiencies of conventional organic 

and inorganic media for different stormwater contaminant categories tested in 18 different studies 

(indicated by individual points for each specific media/contaminant pair). General media categories refer to 

grouped materials as follows: compost-based media (compost only and compost mixed with either sand, 

biochar, or activated carbon); woodchips-based (woodchips only and woodchips mixed with straw mulch 

or biochar); and iron-based (iron filings and iron filings mixed with sand, and iron hydroxides). General 

contaminant categories refer to grouped contaminants as follows: solids (total suspended and volatile 

suspended solids); pesticides (diuron, atrazine, fipronil, 2,4-dichlorophenoxyacetic acid, simazine, oryzalin 

and prometon); pathogens (E. coli, Enterococcus faecalis, total coliforms and fecal coliforms); other 

organics (tris(3-chloro-2propyl)phosphate, tris(2-chloroethyl)phosphate, perfluorooctanoic acid, 

perfluorooctanesulfonic acid, benzotriazole, 1H-benzotriazole, 5-methyl-1H-benzotriazole, and total 

organic carbon); nutrients (total P, orthophosphates, total P, total Kjeldahl nitrogen, NH4
+, and NO3

-); 

metals (As, Cd, Cu, Cr, Ni, Pb and Zn); and hydrocarbons (total petroleum hydrocarbons, motor oil, 

naphthalene, phenanthrene and benzo(a)pyrene) 
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Biochar is particularly effective at removing organic contaminants and pathogens 

(Figures E2 and E3), many of which are persistent in stormwater BMPs.215, 256 Ulrich et al. and 

Ray et al. evaluated biochar produced from gasification of pinewood for the simultaneous 

removal of multiple organic contaminants in synthetic stormwater matrices.242, 247 Ray et al. used 

a biochar dose of 3 wt% (with sand) for column filtration of a synthetic stormwater solution 

containing 10 µg/L (each) of seven representative organic contaminants and observed complete 

removal of 2,4-dichlorophenoxyacetic acid, tris(2-chloroethyl)phosphate, diuron, fipronil, 

perfluorooctanoic acid and perfluorooctanesulfonic acid (select organic compounds shown in 

Figure E3A1) and 80–100%  atrazine removal.242 The presence of DOC (5 mg-C/L) in a 

mirrored study did not significantly alter the performance of biochar during treatment (Figure 

E3A2). Ulrich et al. also reported 70–100% removal of prometon, benzotriazole, atrazine, diuron 

and tris(3-chloro-2-propyl) phosphate for over 428 pore volumes with initial contaminant 

concentrations of 20 µg/L (each) and 10 mg-C/L of dissolved organic carbon (DOC) using a 

biochar dose of only 0.2 wt%.247 These studies suggest that the biochar high surface area (351 

m2/g) and functional groups were enough to overcome competing sorption and complexation 

sites of organic compounds, DOC and/or metals (select metals shown in Figures E3A1 and 

E3A2). The high removal (>99%) of these metals (except As and Cr) and organic contaminants 

suggest that multiple stormwater contaminants can be effectively and simultaneously removed if 

a sufficiently large surface area (>300 m2/g) biochar is used. The large, hydrophobic biochar 

surface area also provides an anchor attracting pathogens like E. coli to attach overcoming 

electrostatic repulsive forces and facilitating efficient removal during stormwater infiltration.238 

While biochar exhibits moderate to high removal efficiency (> 50%) for most 

contaminants (Figures E2 and E3), more research is needed to better predict removal of 
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contaminants with different phases and under more realistic stormwater conditions. Several 

studies have evaluated biochar’s ability to remove multiple types of contaminants 

simultaneously.230, 242, 248 For example, Reddy al. evaluated the simultaneous removal of nutrients 

(NO3
- and TP), metals (Cd, Cr, Cu, Pb, Ni and Zn) and hydrocarbons (phenanthrene, naphthalene, 

and benzo(a)pyrene) by biochar in synthetic stormwater.239 A stormwater matrix containing a 

mixture of contaminants would be a more realistic assessment of biochar performance allowing 

for comparative removal efficiencies of different contaminant categories to be better understood. 

As previously discussed, stormwater contaminants can exist as dissolved species and particulate-

associated species. Therefore, the removal of some contaminants (e.g., nutrients, organic 

compounds, and metals) can be dictated by the behavior of particles in the stormwater and in the 

treatment systems. For example, organic contaminants and metals can react with natural organic 

matter (NOM) to form NOM-complexes and metals can form precipitates with sulfate, sulfides, 

and phosphate species. Although removal of solids by organic media such as biochar and GAC 

was evaluated in some studies239, 244, 245, 250 (Table E5), further analysis is needed to assess the 

fraction of the solids associated with other dissolved stormwater contaminants.   
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Table E2. Summary of studies on media performance to remove various stormwater pollutants, physicochemical properties and removal 

mechanisms of media. It is important to consider that the specific physicochemical properties of media may vary depending on how the media is 

prepared or synthesized. 

Media Physicochemical 

properties 

References Study 

scale 

Stormwater 

type 

*Pollutants  

tested 

Removal  

mechanisms 

Biochar High porosity;  

redox active sites; 

hydrophobic 

sites; oxygen-

containing 

functional groups 

Ashoori et al.230 Batch, 

column 

Synthetic Nutrients (NO3
-, PO4

3-); 

Metals (Cd, Cu, Ni, Pb, 

Zn); Trace organics (FIP, 

DIU, ATR 1HB, 2,4-D, 

TCEP) 

Adsorption; 

hydrophobic 

interactions; 

electrostatic attraction; 

partitioning 

Mohanty et 

al.238 

Column Synthetic Biological pollutants (E. 

coli) 

Reddy et al.239 Column Synthetic TSS; Metals (Cd, Cu, Cr, 

Ni, Pb, Zn); Nutrients 

(NO3
-, PO4

3-); Biological 

pollutants (E. coli); Trace 

organics (NAP, PHE, BAP) 

Ulrich et al.247 Batch, 

column 

Synthetic Trace organics (2,4-D, FIP, 

ATR, DIU, PRO, ORY, 

BEN, TCPP) 

Ulrich et al.248 Column Synthetic Trace organics (2,4-D, FIP, 

ATR, DIU, PRO, ORY, 

SIM, 1HB, 5HB,TCEP, 

TCPP); Nutrients (TN, 

NO3
-, DP); Metals (Cu, 

Zn); Biological pollutants 

(E. coli, total coliforms) 

Sand Negative surface 

charge; low 

Barrett257 Field Real TSS; Metals (Cu, Pb, Zn); 

Nutrients (NO3
-, TKN, TP, 

Adsorption; physical 

filtration; straining; 

https://paperpile.com/c/xve9ui/l29DV
https://paperpile.com/c/xve9ui/bnf5h
https://paperpile.com/c/xve9ui/bnf5h
https://paperpile.com/c/xve9ui/uxibg
https://paperpile.com/c/xve9ui/anoD0
https://paperpile.com/c/xve9ui/JeQFa
https://paperpile.com/c/xve9ui/H40Dm
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surface area; low 

cation exchange 

capacity  

ortho-P) sedimentation; 

electrostatic attraction 

Barrett258 Field Real TSS; VSS; Nutrients (TP, 

DP, TKN, NO3
-, NO2

-), 

Metals (Cu, Pb, Zn); BOD; 

COD; Biological 

pollutants (fecal coliform, 

fecal streptococcus) 

Erickson et 

al.259 

Column Synthetic Nutrients (PO4
3-) 

Erickson et 

al.234  

Column Synthetic Nutrients (PO4
3-) 

Mohanty et 

al.260 

Column Synthetic  Biological pollutants (E. 

coli, Enterococcus 

faecalis) 

Mohanty et 

al.238  

Column Synthetic Biological pollutants (E. 

coli) 

Prabhukumar et 

al.261 

Column Synthetic TSS; Metals (Cd, Cr, Cu, 

Ni, Pb, Zn); Trace organics 

(NAP, PHE); Nutrients 

(NO3
-, PO4

3-); Biological 

pollutants (E. coli) 

Ray et al.242 Column Synthetic Metals (Cd, Cu, Cr, As, Ni, 

Zn); Trace organics (ATR, 

DIU, FIP, 2,4-D, TCEP, 

PFOA, PFOS) 

Reddy et al.262 Batch Synthetic Nutrients (NO3
-, PO4

3-) 

Reddy et al. 263 Batch Synthetic Metals (Cd, Cr, Cu, Pb, 

https://paperpile.com/c/xve9ui/H40Dm
https://paperpile.com/c/xve9ui/DnvpO
https://paperpile.com/c/xve9ui/DnvpO
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/M8OeV
https://paperpile.com/c/xve9ui/tcZjo
https://paperpile.com/c/xve9ui/MPdS6
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Zn) 

Reddy et al.264 Batch Synthetic Trace organics (NAP, 

PHE) 

Reddy et al.265 Batch Synthetic Metals (Cd, Cu, Cr, Ni, Pb, 

Zn); Nutrients (NO3
-, PO4

3-

) 

Smith266 Field Synthetic Nutrients (NH4, NO3
-, 

NO2) 

Ulrich et al.248 Column Synthetic Trace organics (2,4-D, FIP, 

ATR, DIU, PRO, ORY, 

SIM, 1HB, 5HB, TCPP, 

TCEP); Nutrients (TN, 

NO3
-, DP); Metals (Cu, 

Zn); Biological pollutants 

(E.coli; total coliforms) 

Zarezadeh et 

al.267 

Field Real TSS, VSS, Nutrients (NO3
-

, ortho-P); Heavy metals 

(Cu, Pb, Zn) 

 

Wood-based 

(Aspen wood, 

woodchips, 

mulch) 

Hydrophobic 

sites; oxygen-

containing 

functional groups 

Ashoori et al.230 Batch, 

column 

Synthetic Nutrients (NO3
-, PO4

3-); 

Heavy metals (Cd, Cu, Ni, 

Pb, Zn); Trace organics 

(FIP, DIU, ATR 1HB, 2,4-

D, TCEP) 

Adsorption; 

complexation; 

precipitation of metals; 

biotransformation; 

filtration; hydrophobic 

interactions 
Boving and 

Zhang232 

Batch, 

column 

Synthetic Trace organics (NAP, FLU, 

ANT, PYR) 

Boving and 

Neary231 

Field  Real Trace organics (NAP, FLU, 

ANT, PYR, PHE, CRY, 

BAP, ACY, ACE) 

https://paperpile.com/c/xve9ui/eAEBx
https://paperpile.com/c/xve9ui/csUgC
https://paperpile.com/c/xve9ui/Ly9ko
https://paperpile.com/c/xve9ui/JeQFa
https://paperpile.com/c/xve9ui/6oKje
https://paperpile.com/c/xve9ui/6oKje
https://paperpile.com/c/xve9ui/l29DV
https://paperpile.com/c/xve9ui/Hqxx2
https://paperpile.com/c/xve9ui/Hqxx2
https://paperpile.com/c/xve9ui/ThH52
https://paperpile.com/c/xve9ui/ThH52
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Jang et al.236 Batch Synthetic Metals (Cu, Pb, Zn) 

Ray et al.241 Batch, 

column 

Synthetic Metals (Cu, Cd, Cr, Pb, 

Zn); Trace organics (NAP, 

FLA, 1,3-D, BBP, BAP) 

Ray et al.240 Batch Synthetic Metals (Cu, Cr, Pb, Zn); 

Trace organics (NAP, FLA, 

1,3-D, BAP, BBP) 

Syring et al.245 Batch, 

column, 

field 

Synthetic, real TSS; Metals (Cu, Zn) 

Compost-

based 

High humic 

content; water 

holding capacity; 

highly porous; 

high ion 

exchange 

capacity 

Faucette et 

al.235 

Column Synthetic Nutrients (TN, (NO3
-, TP) Adsorption; absorption; 

biotransformation; ion 

exchange 
Silvertooth et 

al.244 

Batch, 

column, 

field 

Synthetic, real Metals (Cu, Zn) 

Tobiason et 

al.246 

Column Synthetic Metals (Zn) 

Zeolites High surface 

area; negative 

surface charge; 

high ion 

exchange 

capacity; high 

water retention 

capacity; layered 

structure 

Prabhukumar et 

al.261 

Column Synthetic TSS; Metals (Cd, Cr, Cu, 

Ni, Pb, Zn); Trace organics 

(NAP, PHE); Nutrients 

(NO3
-, PO4

3-); Biological 

pollutants (E. coli) 

Adsorption; ion 

exchange; 

complexation; 

electrostatic attraction; 

intercalation 

Reddy et al.262 Batch Synthetic Nutrients (NO3
-, PO4

3-) 

Reddy et al. 263 Batch Synthetic Metals (Cd, Cr, Cu, Pb, 

Zn) 

Reddy et al.264 Batch Synthetic Trace organics (NAP, 

https://paperpile.com/c/xve9ui/XDOfP
https://paperpile.com/c/xve9ui/DpUgM
https://paperpile.com/c/xve9ui/xtOHA
https://paperpile.com/c/xve9ui/trhtx
https://paperpile.com/c/xve9ui/tRL6m
https://paperpile.com/c/xve9ui/tRL6m
https://paperpile.com/c/xve9ui/nKmOR
https://paperpile.com/c/xve9ui/nKmOR
https://paperpile.com/c/xve9ui/fkniE
https://paperpile.com/c/xve9ui/fkniE
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/tcZjo
https://paperpile.com/c/xve9ui/MPdS6
https://paperpile.com/c/xve9ui/eAEBx
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PHE) 

Reddy et al.265 Batch Synthetic Metals (Cd, Cu, Cr, Ni, Pb, 

Zn); Nutrients (NO3
-, PO4

3-

) 

Smith266 Field Synthetic Nutrients (NH4, NO3, NO2) 

Iron-based 

(iron fillings; 

iron oxides) 

High surface 

area; amphoteric 

surface hydroxyl 

groups 

Erickson et 

al.268 

Column, 

field 

Synthetic, real Nutrients (PO4
3-) Oxidation; 

complexation; 

electrostatic attraction; 

adsorption Ernst Clayton 

et al.269 

Column Synthetic, real Metals (Cu, Zn) 

Prabhukumar et 

al.261 

Column Synthetic TSS; Metals (Cd, Cr, Cu, 

Ni, Pb, Zn); Trace organics 

(NAP, PHE); Nutrients 

(NO3
-, PO4

3-); Biological 

pollutants (E. coli) 

Reddy et al.262 Batch Synthetic Nutrients (NO3
-, PO4

3-) 

Reddy et al. 263 Batch Synthetic Metals (Cd, Cr, Cu, Pb, 

Zn) 

Reddy et al.264 Batch Synthetic Trace organics (NAP, 

PHE) 

Reddy et al.265 Batch Synthetic Metals (Cd, Cu, Cr, Ni, Pb, 

Zn); Nutrients (NO3
-, PO4

3-

) 

Iron 

(hydr)oxide-

Amphoteric 

surface hydroxyl 

Zhang et al.270 Column  Synthetic Biological pollutants 

(E.coli) 

Electrostatic attraction 

or attachment; 

https://paperpile.com/c/xve9ui/csUgC
https://paperpile.com/c/xve9ui/Ly9ko
https://paperpile.com/c/xve9ui/I39Nc
https://paperpile.com/c/xve9ui/I39Nc
https://paperpile.com/c/xve9ui/OB3Rq
https://paperpile.com/c/xve9ui/OB3Rq
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/0WzRn
https://paperpile.com/c/xve9ui/tcZjo
https://paperpile.com/c/xve9ui/MPdS6
https://paperpile.com/c/xve9ui/eAEBx
https://paperpile.com/c/xve9ui/csUgC
https://paperpile.com/c/xve9ui/F1vSw
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coated sand groups; high 

surface area 

coating 

Sansalone271 Column Synthetic, real Metals (Cd, Cu, Pb, Zn) adsorption; 

complexation; co-

precipitation of trace 

metals 

Mohanty et 

al.260  

Column Synthetic Biological pollutants 

(E.coli, E. faecalis) 

Manganese 

oxide-coated 

sand 

Amphoteric 

surface hydroxyl 

groups; high 

surface area 

coating 

Liu et al.272 Column Synthetic Metals (Cd, Cu, Pb, Zn) Electrostatic attraction 

or attachment; 

adsorption; 

complexation; redox 

reactions; co-

precipitation of trace 

metals 

Charbonnet et 

al.273 

Column  Synthetic Trace organics (BPA) 

Charbonnet et 

al.274 

Column Synthetic Metals (Cd, Cu, Pb, Zn) 

Grebel et al.275 Column Synthetic Trace organics (BPA, 

2MBT, OCP PRO, DIU, 

FLA) 

Phoslock® Layered bentonite 

clay; patent-

protected 

Randall and 

Bradford276 

Column Synthetic Nutrients (TP, TN, TKN, 

NO3
-, PO4

3-; Metals (Al, 

Cu, Fe, Mn, Ni, Pb, Zn) 

Intercalation and 

complexation 

Graphene 

oxide-coated 

sand 

High surface area 

coating; high 

porosity;  

Vu and Wu277 Column Synthetic, real Trace organics (CAF); 

Metals (Zn); Nutrients 

(PO4
3-); Biological 

pollutants (E.coli) 

Hydrophobic 

interactions; 

complexation; 

adsorption 

Ahmadi et al.278 Batch Synthetic Trace organics (DCF); 

Metals (Cu); Nutrients 

(PO4
3-) 

Polymer-clay 

composites 

Positively 

charged; high 

cation exchange 

Ray et al.242 Column Synthetic  Trace organics (ATR, 24D, 

DIU, PFOA, PFOS, TCEP, 

FIP); Metals (Cu, Zn, As, 

Adsorption; 

hydrophobic 

interactions; 

https://paperpile.com/c/xve9ui/tyodx
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/xVrit
https://paperpile.com/c/xve9ui/a3VC4
https://paperpile.com/c/xve9ui/XBuof
https://paperpile.com/c/xve9ui/XBuof
https://paperpile.com/c/xve9ui/1oZzu
https://paperpile.com/c/xve9ui/1oZzu
https://paperpile.com/c/xve9ui/gpmCJ
https://paperpile.com/c/xve9ui/6agFk
https://paperpile.com/c/xve9ui/6agFk
https://paperpile.com/c/xve9ui/ZTs7B
https://paperpile.com/c/xve9ui/xHXf7
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capacity; swelling 

(depending on 

clay used) 

Cr, Pb, Cd) electrostatic 

interactions 

*The pollutants are referenced using the following abbreviations: 1,3-D: 1,3-dichlorobenzene; 2,4-D: 2,4-diphenoxy acetic acid; 2MBT: 2-

mercaptobenzothiazole; 1HB: 1-H-benzotriazole; 5HB: 5-H-benzotriazole; ACE: acenaphthene; ACY: acenaphthylene; ANT: anthracene; ATR: 

atrazine; BAP: benzo(a)pyrene; BBP: butyl benzyl phthalate; BEN: benzotriazole; BPA: bisphenol A; CAF: caffeine; CRY: chrysene; DIU: diuron; 

DCF: diclofenac; DP: dissolved phosphorus; FIP: fipronil; FLA: fluoranthene; FLU: fluorene; NAP: naphthalene; OCP: n-octylphenol; ortho-P: 

orthophosphate; ORY: oryzalin; PAH: polyaromatic hydrocarbons;  PFOA: perfluorooctanoic acid; PFOS: perfluorooctanesulfonic acid; PHE: 

phenanthrene; PRO: prometon; PYR: pyrene; SIM: simazine; SUL: sulfamethoxazole; TCEP: tris(2-chloroethyl)phosphate; TCPP: tris(3-chloro-2-

propyl)phosphate; TKN: total Kjedahl nitrogen; TN: total nitrogen; TP: total phosphorus; TPH: total petroleum hydrocarbons; TSS: total 

suspended solids; VSS: volatile suspended solids.
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E2.1.2. Compost-based media 

Compost has a high humic content, which can promote removal of metals through 

complexation and organic compounds through hydrophobic interactions.233 Although compost 

alone has demonstrated capability of reducing stormwater runoff volume,279 the possible 

leaching of organic matter and nutrients during high volume storm events makes compost an 

ineffective media. To mitigate this issue, compost can be mixed with media such as biochar or 

activated carbon that has a higher affinity to retain leached compounds. Figure E2 shows that 

the removal of nutrients by compost-based media ranges between 9–71%. The values at the 

lower end of the boxplot were obtained in studies using only compost,235 whereas the high 

removal efficiencies were obtained when compost was amended with either biochar or activated 

carbon.248 Ulrich et al. reported that the addition of biochar to vegetated biofilters containing a 

mixture of sand and compost prevented leaching of total organic carbon (TOC), total dissolved 

phosphate (TDP) and TN, and increased diuron and tris(2-chloroethyl)phosphate by 6 and 

83%.248 Removal of TOC, TDP, TN and NO3
- also increased by 80, 73, 86, and 68% respectively, 

in the presence of biochar.248  

E2.1.3. Woodchips-based media 

Woodchips are readily available and primarily used in denitrifying bioreactors for 

stormwater, wastewater and agricultural drainage treatment.230, 280, 281 Woodchips can act as a 

source of carbon and as electron donors for denitrifying microorganisms. For example, Ashoori 

et al. reported a 99% removal efficiency of NO3
- in column experiments employing woodchips 

which also assessed removal of metals (Cu, Cd, Pb, Ni, and Zn) and organic contaminants 

(diuron, 2,4-dichlorophenoxyacetic acid, tris(2-chloroethyl)phosphate, 1H-benzotriazole, 

atrazine and fipronil) in stormwater.230 They reported average removal efficiencies of 80-94% for 

the metals, with the exception of Zn which exhibited poorer removal (45%). These estimates 
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were similar to the removal efficiencies observed when biochar was added at 33 wt% to the 

woodchips. The retention of metals was attributed to the formation of metal-sulfide precipitates 

in the presence of woodchips.230 In contrast, the addition of the biochar enhanced the removal of 

the organic contaminants. Adsorption isotherms experiments revealed that woodchips sorption 

affinity towards the contaminants was significantly lower than the biochar sorption affinity—

linear Kd sorption coefficient was estimated at 10–20 L/kg for woodchips and 105–106 L/kg for 

biochar. Thus, the application of a woodchips-biochar mixture in stormwater treatment systems 

can ensure the simultaneous removal of several contaminants (e.g., NO3
-, metals and organic 

contaminants). However, a thorough analysis will be needed to choose an appropriate biochar. 

Woodchips are an efficient media because they have an extended bedlife; however, in this study, 

Ashoori et al. reported that biochar decreased the saturated hydraulic conductivity of the system 

by more than two-fold (i.e., 2.1 cm/s in woodchips-only columns and 0.5 cm/s in woodchips-

biochar columns).230 This decrease in hydraulic conductivity could lead to frequent clogging 

during stormwater infiltration.   

Overall, current literature suggests that organic media can effectively capture stormwater 

contaminants. Nevertheless, a more complete analysis of their performance and potential for 

stormwater treatment applications is lacking. 
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E2.2. Inorganic materials 

In this review, the inorganic conventional media considered are mineral-based materials 

such as sand, zeolite, metal (hydr)oxides and other metal-based materials (e.g., iron filings). The 

presence of ionic species and hydroxyl moieties on the surface of these materials promotes 

sorption via electrostatic interactions and/or complexation of charged species such as nutrients 

(e.g., NO3
-, NH4

+, PO4
3-), metals and organic contaminants.  

Figure E3. Column breakthrough results for removal of select metals and organic contaminants in 

columns amended with (A) 3 wt% biochar-97 wt% sand columns and columns with (B) virgin sand. The 

feed solutions contained 10 µg/L of each contaminant in (1) a synthetic stormwater matrix and in (2) the 

same synthetic stormwater matrix with 5 mg-C/L DOC. 24D = 2,4-dichlorophenoxyacetic acid. DIU = 

diuron, PFOA = perfluorooctanoic acid. The figure was created with permission from the authors.242 
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E2.2.1. Sand 

Coarse and silica-based materials like sand offer functional advantages to stormwater 

treatment systems because of their high hydraulic conductivities and ability to strain solids 

during infiltration. Beginning in the 1980s, the city of Austin, TX started using sand filters as an 

alternative BMP233 equipped with a sedimentation basin designed to retain and slowly release 

stormwater runoff (90% of 24-h storm events).257 Since then, sand filters have been commonly 

adopted in cities across the United States (e.g., Washington, DC and Seattle, WA) for stormwater 

management. They have a small land area requirement, which makes them convenient to use, 

especially for small development sites.267, 282 Pollutant removal by sand filters is characterized by 

physical filtration, sedimentation, and straining.233, 283 Both lab scale and field studies have been 

used to evaluate sand’s ability to remove stormwater contaminants. Sand filters constructed near 

roadways in populous industrial cities exhibited high removal efficiency of stormwater solids 

(86–94%).257, 267 Similar results of high (i.e., 98%) removal of TSS in lab-scale filters were also 

observed.284 

Removal of other contaminants by sand, especially metals, varies greatly (Figure E2) 

and depends upon the metal speciation. Ray et al., Ulrich et al., and Prabhukumar et al. reported 

removal efficiencies greater than 80% for dissolved Cu (for different influent concentrations) in 

lab scale column experiments.242, 248, 261 In contrast, Barret identified only a 6% and 39% 

reduction of dissolved Cu and Pb concentrations by sand filters, and 33% and 86% removal of 

total Cu and total Pb.257 These conflicting findings suggest the need for more studies to assess 

removal efficiencies of different phases and speciation of contaminants during stormwater 

treatment.  
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The limited affinity of sand for dissolved contaminants is reflected in its low removal of 

organic contaminants (Figures E2, E3A2 and E3B2). Ray et al. and Ulrich et al. reported 

removal efficiencies ranging from 0–47% for polar organic contaminants.242, 248 Figure E2 

shows that sand can efficiently remove some hydrocarbons; however, these results were obtained 

from lab scale studies261, 264 conducted under simplistic conditions using high contaminant 

concentrations which are not representative of typical concentrations found in natural stormwater 

(Tables E1, E5). For example, batch experiments conducted by Reddy et al. using sand and a 

synthetic solution of phenanthrene (30–1900 µg/L) and naphthalene (900–43000 µg/L) reported 

a removal efficiency of more than 90% for both compounds at all concentrations.264 A survey of 

different runoff events in the United States estimated the maximum concentration of 

phenanthrene and naphthalene in urban runoff at 1 and 29 µg/L, respectively.285 A study with 

lower, field relevant organic compound concentrations is necessary to properly assess sand 

removal capacity for these compounds. The aforementioned studies and results in Figure E2 

suggest that sand alone will be ineffective for urban stormwater treatment containing dissolved 

contaminants and a wide variety of other contaminants.  

E2.2.2. Clays and Zeolites 

Clay minerals and zeolites are naturally occurring minerals with great potential for water 

and wastewater treatment due to their high surface area, high affinity and selectivity for metals, 

low cost, abundance, and low toxicity. Studies investigating the utilization of clay minerals as 

treatment media for stormwater have focused primarily on zeolites. Both clays and zeolites can 

be purchased and synthesized at the laboratory scale,286 which offers the advantage of being 

readily available.  
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Figure E2 shows that zeolites have moderate to high affinity for solids, pathogens, 

metals, nutrients and hydrocarbons. Zeolites are crystalline hydrated aluminosilicates with high 

surface area, ion exchange capacity, and water retention capacity.266 Their high surface area 

provides an abundance of active sites onto which pollutants can adsorb. The porous and 

molecular sieve characteristic of zeolites can promote the structural sequestration and 

intraparticle diffusion of stormwater contaminants such as small neutral organic compounds.233, 

287 Zeolites with high silica content are favorable for the sorption of some organic contaminants 

(e.g., pharmaceuticals, pesticides) due to their high Si/Al ratio, which promotes strong 

hydrophobic interactions between zeolite surfaces and organic contaminants.287, 288 The Si4+ and 

Al3+ in the structural framework of zeolites creates a net negative charge that attracts common 

stormwater cations (e.g., Ca2+, Mg2+, Na+, and K+), which can be exchanged with cationic trace 

metals.289, 290 For example, Prabhukumar et al., reported a removal efficiency of 78-96% for 

cationic metals (Cd, Cu, Ni, Pb, and Zn) by zeolite as opposed to a removal efficiency of 55% 

for anionic Cr.261 Reddy et al. also observed low removal efficiencies (5-9%) of Cr.263 The 

permanent negative surface charge of zeolites leads to the repulsion of negatively charged 

species, thus limiting their sorption233 while promoting the sorption of positively charged 

species. However, in zeolites with high silica contents, the negative charge is minimal thus 

limiting their sorption capacity for cations. Instead, zeolites with high silica content can be used 

for the sorption of some organic contaminants. Their high Si/Al ratio promotes strong 

hydrophobic interactions between their surfaces and organic contaminants.287, 288    

Zeolites are also good candidates for nutrient removal and denitrification in stormwater 

(Figure E2). Zeolites can sequester NH4
+ through ion exchange, and NO3

- and PO4
3- through 

formation of metal complexes and precipitates. Additionally, their large surface area and ion 



149 
 

exchange capacity promotes the attachment of microorganisms266, 291 enhancing denitrification. A 

pilot study evaluating the performance of zeolite as a biofiltration media for NH4
+ removal 

observed that the average initial NH4
+ level (0.78 mg/L) decreased by 93% under steady flow 

operation and by 98% during a high flow event followed by a 40-d dry period.266 A close 

monitoring of the nitrogen and oxygen profiles in the biofilter showed that as levels of NH4
+ and 

oxygen declined, NO3
- and NO2

- increased in the effluent which suggests nitrification occurred. 

A parallel sand control biofilter in the same study exhibited an average removal efficiency of 

87% for NH4
+. Both biofilters accumulated similar amounts of NO3

- and NO2
-, suggesting that in 

addition to denitrification, NH4
+ could be removed through ion exchange in the zeolite biofilter. 

Compared to zeolite, sand has much lower surface area and cation exchange capacity221 which 

limit adsorption sites and ion exchange processes occurring at the sand surface. This study 

indicates that zeolite can sustain performance through typical storm events and would be an 

excellent candidate in stormwater infiltration systems where NH4
+ removal is the main priority.  

E2.2.3. Iron-based media 

Like zeolites, iron-based materials exhibit high removal efficiencies for solids, pathogens, 

metals, nutrients, and hydrocarbons (Figure E2). Metal oxides and metal-based materials are 

favorable for the attenuation of metal contaminants261, 263, 265, 269 because of chemical properties 

facilitating ion exchange, surface precipitation, redox and complexation processes.292-294 For 

example, Reddy et. al report removal efficiencies of 51–100% for Cd, Cu, Pb, Ni, Cr and Zn in 

batch experiments using a synthetic stormwater solution and iron filings--byproducts of the 

grinding or milling of iron material primarily consisting of iron (hydr)oxide minerals.263 

Prabukhumar et al. also reported similar removal efficiency (57–100%) during column 

experiments using iron filings.261 These high removal efficiencies could be due to the high initial 

concentrations (5-500 mg/L) of the metals used in these studies. In contrast, column experiments 
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using natural highway runoff to assess granular ferric hydroxide capacity to remove metals report 

average removal efficiencies of 14 and 34% for Cu (initial concentration: 36 µg/L) and Zn 

(initial concentration: 50 µg/L).269 Breakthrough (i.e., the ratio of influent to effluent 

concentration, c/c0 > 0) for both Cu and Zn occurred within 5000 pore volumes, but the media 

was not saturated within the experimental period (98000 pore volumes).269 

Compared to sand and zeolites, iron-based media exhibit greater removal efficiencies for 

nutrients (Figure E2). Mixtures of sand and iron filings at doses of 7.2 and 10.7 wt% along the 

trenches of a wet detention basin reduced PO4
3- concentrations by 29–90%.268 Erickson et al. also 

conducted column experiments with different doses of iron filings. In the absence of iron filings, 

sand sorption capacity for PO4
3- was exhausted at a column depth less than 10 m, whereas a 5 

wt% iron filing dose did not result in the exhaustion of the media sorption capacity even after 

200 m of treated depth.268 Furthermore, the authors reported that the hydraulic conductivity in 

the iron-sand columns did not change significantly as the iron filings fraction increased from 0.3 

to 5 wt%. Thus, iron filings can be applied in BMPs (e.g., bioretention ponds, grass swales) 

where PO4
3- removal is low (Figure E1) to minimize risk of PO4

3- leaching. The limited 

reactivity of sand to dissolved contaminants resulted in minimal sorption of PO4
3- in the Erickson 

et al. study.268 In contrast to sand, the high surface area of iron-based media (and other metal 

oxides) presents numerous active sites for the adsorption of PO4
3-, which can sorb to iron filings 

through the formation of iron phosphate precipitates or ligand exchange with iron 

(hydr)oxides.221, 262  

Overall, zeolites and iron-based media possess great potential for pollutant removal and 

using them in stormwater treatment systems would ensure better water quality. However, they 

reportedly have low hydraulic conductivities compared to sand.295 This could lead to rapid 
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clogging, flooding, and inhibit groundwater recharge. Careful considerations like these are 

needed in choosing media for stormwater treatment. In section E4, we discuss the influence of 

media properties in greater detail.  

E3. Composite Engineered Media for Enhanced Urban Stormwater 

Treatment 

To maximize the removal of trace contaminants in urban stormwater and protect 

receiving waters, conventional materials may not be sufficient. Researchers are testing new, low-

cost engineered materials as supplements to enhance the contaminant removal efficiency of 

conventional materials. Composite materials can be produced to take advantage of surface 

functional groups or chemical properties of a substrate to coat, dope, or decorate with a material 

of different properties to enhance or add utility to the substrate. Typically, the goal of composite 

fabrication is to expand the range of contaminants removed in urban stormwater (and other water 

treatment applications). This section will identify the synthesis, properties, contaminant removal 

mechanisms, and opportunities for field deployment of different engineered media evaluated for 

urban stormwater treatment.  

E3.1. Metal (Oxide) Composite Engineered Media 

As outlined in Section E2, conventional inorganic media such as metal oxides, clays, and 

sand exhibit some affinity for urban stormwater contaminant removal. However, currently there 

are several limitations to incorporating these media in urban stormwater low-impact 

developments. For example, metal oxides and clays typically occur as amorphous flocs or 

powder, which may clog infiltration systems during storm events, or transport adsorbed or 

complexed contaminants downstream to receiving waters. Although sand can offer benefits of 

metal sorption and high hydraulic conductivity in infiltration applications,242 its reactivity is 
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limited to inorganic species in urban stormwater. Development of engineered media can help 

overcome the moderate to low reactivity of conventional media while enhancing reactivity 

during urban stormwater treatment. 

E3.1.1. Iron (hydr)oxide-coated sand 

In addition to trace metal removal, naturally occurring iron (hydr)oxides can also aid in 

the attenuation and immobilization of fecal indicator bacteria, which is one of the main classes of 

contaminants in urban stormwater (Table E1). Fe(III) mineral phases adhere to bacteria cell 

walls, creating bacteria iron oxide flocs296  and enabling subsequent redox reactions to inactivate 

the immobilized bacteria.297 In urban stormwater infiltration applications, cell adhesion to iron 

(hydr)oxides and adsorption of trace metals could be an effective pollutant removal strategy. 

However, because iron oxides typically occur as powders or flocs in soils, it is impractical to 

employ them as filtration media for runoff treatment.  

To facilitate their use as a reactive media in existing urban stormwater management 

practices, researchers have investigated coating iron (hydr)oxides on conventional media to 

augment low-impact urban stormwater developments.270 Amorphous iron(III) oxyhydroxides 

synthesized by slowly increasing the pH of a ferric solution (e.g., ferric chloride) can be easily 

coated onto granular media substrates like sand.298, 299 Coating iron (hydr)oxides on sand 

increases its ability for trace contaminant removal without sacrificing hydraulic conductivity, 

which is critical for stormwater infiltration applications. For example, Mohanty et al. designed 

bioinfiltration cells (i.e., columns) amended with iron (hydr)oxide-coated sand to sequester fecal 

indicator bacteria from simulated stormwater.260 Even at a 50 wt% sand to iron (hydr)oxide-

coated sand loading, 99% of E. coli and 97% of Enterococcus faecalis (initial concentration of 

both bacteria: 0.8-1.8×106 CFU/mL) were removed from the simulated stormwater compared to 
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70% and 58% removal with just sand-amended bioinfiltration systems. Furthermore, when flow 

of bacteria-laden simulated stormwater was halted and resumed to mimic intermittent flow, less 

than 0.25% of attached bacteria were mobilized from the iron (hydr)oxide-coated sand columns, 

compared to up to 13.2% mobilization of bacteria attached to uncoated sand. In a column 

filtration study, Zhang et al. observed no breakthrough of E. coli in synthetic stormwater from 

lab-scale columns packed with iron (hydr)oxide-coated sand for over 6 h of filtration, while 

breakthrough was observed in only 0.75 h in sand-amended columns.270 Columns in this study 

were operated at hydraulic conditions comparable to a typical storm event with no evidence of 

clogging. While iron (hydr)oxide-coated sand contributed to greater bacterial removal (87% 

compared to 69%), columns packed with conventional bioretention media (i.e., sand) resulted in 

a faster bacterial death rate (i.e., 0.90 d-1) compared to the reactive engineered media columns 

(0.04 d-1). This effect was attributed to the lack of native microorganisms competing for nutrients 

on the iron oxide coated sands compared to the conventional media, which was inoculated with a 

native culture.  

Iron (hydr)oxide-coated sand has also been investigated for trace metal adsorption. 

Sansalone prepared iron (hydr)oxide-coated sand for passive removal of Cu, Zn, Cd and Pb trace 

metals in an exfiltration trench capturing urban stormwater.271 Test columns amended with sand 

and coated sand were used to determine trace metal removal in deionized water and real 

stormwater containing suspended solids, which can complex trace metals.300 Virgin sand column 

breakthrough (i.e., c/c0 = 0.90) of metals in deionized water (pH 6.5) occurred 10 times as fast 

for Zn and Cd, and 25 times as fast for Cu and Pb compared to iron (hydr)oxide-coated sand. 

This effect was exaggerated when the solution pH was increased above the point of zero charge 

for the iron oxide coating (pH 7.0–8.0), promoting favorable electrostatic interactions between 
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the divalent cations and negatively charged coated sand. The lifetime of the iron (hydr)oxide-

coated sand tested under the conditions in the Sansalone study was approximated at 15 years. 

To provide city planners, civil and structural engineers, and urban landscape architects 

with adequate information to deploy engineered media like iron (hydr)oxide-coated sand, 

additional research is needed. For example, even though the studies were conducted with the 

intended application of employing iron (hydr)oxide-coated sand in infiltration systems, none of 

the studies report hydraulic conductivity or a comparable relevant parameter. Though, because 

the engineered media substrate (i.e., sand) has a high hydraulic conductivity, it is reasonable to 

assume that introducing iron (hydr)oxide-coated sand into existing infiltration systems would not 

reduce stormwater permeability. To determine the expected lifetime and reactivity of iron 

(hydr)oxide-coated sands, more information is needed on trace metal adsorption capacity and 

bacterial removal or inactivation under a wider range of stormwater conditions. This includes 

information about the iron (hydr)oxide coating stability because trace metals adsorbed onto iron 

(hydr)oxide coatings may be transported downstream if the coating leaches from sand surfaces 

over time. 

Table E3: Media properties and column performance for trace metal removal in synthetic stormwater.272 

     
Influent 

concentration 

(mg/L) 

Exhaustion capacity 

(mg/g media at c/c0 = 0.9) 

Media 
SSA 

(m2/g) 

D50 

(mm) 

Column 

porosity 

EBCT 

(min) 
Zn Cu Cd Pb Zn Cu Cd Pb 

GAC 1021.8 0.65 0.37 8.1 5 5 5 5 <0.001 0.0016 <0.001 0.0015 

silica 

sand 
0.22 0.50 0.35 4.4 5 5 5 5 1.63 4.10 1.11 3.33 

IOCS 15.4 0.50 0.73 4.5 5 5 5 5 0.019 0.122 0.017 0.36 

MOCS 1.51 1.19 0.34 0.4 1 1 1 1 <0.001 0.15 <0.001 0.11 
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GAC = granular activated carbon; IOCS = iron oxide coated sand; MOCS = manganese oxide 

coated sand; SSA = specific surface area; D50 = average particle size; EBCT = empty bed contact time. 

E3.1.2. Manganese oxide-coated sand 

Similar to iron (hydr)oxides, manganese oxides are abundant, naturally occurring, and 

can undergo similar surface complexation with trace metals (e.g., Pb, Cu, Cd) via hydroxide 

functional groups at their microporous surface.292, 301, 302 In addition to interactions with trace 

metals, manganese oxides can undergo redox reactions with organic compounds in aquatic 

environments. For example, humic and fulvic acids as well as simple phenols can reduce Mn(IV) 

oxides in natural waters to Mn(II) phases.303, 304 This inherent property of manganese oxides has 

been exploited through its use as a substrate for trace organic compound oxidation. 

Mn(III)/Mn(IV) oxide catalysts have been investigated in the oxidation of organic compounds 

such as toluene,305 anilines, hydroquinones,306 and antibiotics307 in water. 

Like their iron (hydr)oxide counterparts, powdered amorphous manganese oxide mineral 

phases can be precipitated onto sand support media using a reductive synthesis to facilitate 

employment in infiltration systems. In fact, dissolved Mn2+ in raw feed water can be oxidized to 

Mn4+ and coated on sand grains in trickling filters during wastewater treatment.308 The 

subsequent Mn(IV)O2 coating catalyzes additional oxidation of nearby Mn2+, facilitating 

manganese removal.309 To expedite Mn(IV)O2 coatings on sand grains, a solution of potassium 

permanganate is added to sand and reduced by addition of an acid (e.g., hydrochloric acid)310-312 

to achieve a birnessite (i.e., a mixed Mn(III)/Mn(IV)) phase manganese oxide-coated sand.275 

Manganese oxide-coated sand has been investigated as both an adsorbent media for trace metal 

removal274, 310, 313 and as a heterogeneous oxidation media for trace organic compound 

degradation in urban stormwater.273, 275 Liu et al. compared the sorptive removal of Pb, Cu, Cd, 
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and Zn in synthetic runoff by sand, iron-oxide coated sand, and manganese oxide-coated sand.272 

Both the engineered sand media had higher exhaustion capacities (i.e., metal loading on 

geomedia at c/c0 = 0.9) than uncoated sand for all trace metals under the same experimental 

conditions. Exhaustion capacities for Pb, Cd, and Zn were at least twice as high on iron 

(hydr)oxide-coated sands than on manganese-oxide coated sand due to differences in metal 

affinities during surface complexation (Table E3). In comparison to both coated sands, 

commercial GAC underperformed with respect to trace metal removal. 

Tiwari et al. similarly reported a combined effect of adsorption and co-precipitation of Cu 

and Pb species on manganese oxide-coated sand surfaces at neutral pH.311 Grebel et al. 

demonstrated the range of oxidation rates of representative runoff trace organic compounds by 

birnessite manganese oxide-coated sand geomedia in column filtration studies.275 For example, 

reaction rate constants ranged from 1.8 x 10-3 L/g·s (for bisphenol A) to 66.7 x 10-9 L/g·s (for 

diuron). Further investigation of this particular manganese oxide-coated sand in synthetic 

stormwater free of DOC corroborated previous findings, demonstrating high removal efficiency 

of Cu and Pb (i.e., c/c0 = 0 for over 2000 pore volumes) and very low removal efficiency of Zn 

and Cd (i.e., c/c0 = 1 in < 1000 pore volumes).274 Observed decreases in metal removal by 

manganese oxide-coated sand due to DOC addition were attributed to complexation of DOC 

with trace metals and not to loss of adsorption sites on sand surfaces. 

Charbonnet et al. have also provided important information regarding the stability of the 

manganese oxide.273 The coating density of manganese-oxide coated sand decreased from 2 mg 

Mn/g media (for native media) to 1.7 mg Mn/g (for spent media) after treating 1300 pore 

volumes of bisphenol A in a synthetic stormwater matrix. This reduction in coating density 

indicated that approximately 6.4 mg Mn was released, exceeding the 0.91 µM EPA secondary 
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drinking water standard.314 Because manganese oxide- and iron (hydr)oxide-coated sands 

remove trace metals using similar mechanisms, it is possible that leached Mn (and by extension 

Fe) may act as mobile carriers transporting adsorbed trace metals downstream. 

E3.1.3. Phoslock® 

High nutrient loads originating from stormwater runoff to receiving waters is a growing 

concern in the increasingly urban landscapes across the United States.315 In particular, a study in 

St. Paul, Minnesota revealed that urban watersheds exhibit high phosphorus retention due to high 

street density and transport via stormwater runoff.316 Recent studies have found that controlling 

and reducing phosphorus loads (rather than nitrogen) is key to mitigating harmful algal blooms 

and eutrophication in surface waters.317 To mitigate phosphorus loads to receiving waters from 

urban runoff, Phoslock® (a commercially available phosphorus adsorbent) could be considered 

as an engineered media amendment in existing urban stormwater management practices. 

Phoslock® is a bentonite clay complexed with lanthanum, a rare earth metal.318 The La3+ forms 

stable complexes with phosphate in water,319 which can effectively reduce phosphate 

concentrations in surface waters prone to eutrophication (Figure E4). When applied to surface 

waters, Phoslock® complexes free phosphate ions as it travels through the water column to the 

sediment bed surface, regulating phosphorus release from the lake bed and limiting excess 

growth of phytoplankton.320  

Figure E4.  Schematic illustrating how Phoslock, a lanthanum (La3+)-modified bentonite clay can 

complex free phosphate (PO4
3-) in solution   



158 
 

Because Phoslock® was designed for surface water applications, there are limited studies 

investigating its use as a filtration media for urban stormwater treatment. Randall et al. examined 

Phoslock® amendments in vegetated bioretention cell mesocosms to treat synthetic 

stormwater.276 The hydraulic conductivity of Phoslock®-amended mesocosms was significantly 

lower than mesocosms amended with sand, alum, and a commercial oxide-coated media during 

down-flow operation. Interestingly, sand-Phoslock® mesocosms had much higher removal 

efficiencies for orthophosphate (85%) than for total phosphorus (34%), which was better 

removed by sand-only mesocosms (76%). The poor removal efficiency of total phosphorus by 

sand-Phoslock® mesocosms was attributed to the formation of Fe-PO4 complexes, which 

reduced the amount of free phosphate in urban stormwater but promoted phosphorus release 

from organic carbon decomposition in the bioretention soil. However, Phoslock®-amended 

mesocosms had the highest nitrate removal efficiencies (i.e., 98%) due to increased 

denitrification under the anoxic conditions generated in the bioretention columns. To our 

knowledge, the 2013 Randal and Bradford study is the only peer-reviewed article employing 

Phoslock® as an engineered urban stormwater media.276 Other reports examining Phoslock® 

application to surface waters identify potential negative ecological consequences associated with 

deployment of Phoslock® in natural systems. For example, there have been several documented 

studies identifying negative toxicological effects to Daphnia magna (a representative 

zooplankton controlling phytoplankton growth in surface waters)321  when La3+ is leached during 

Phoslock® treatment of phosphorus-rich water.322 Further investigation of safety and other 

environmental concerns is needed before Phoslock® amendments are considered for urban 

stormwater treatment.  
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E3.2. Organic-coated Composite Engineered Media 

Many studies have proposed the creation of layered treatment zones323-325 using 

combinations of conventional media, engineered materials or hybrid composite materials for 

water treatment applications.326-328 However, due to limitations associated with certain media 

(e.g., hydraulic conductivity), in this section we only describe a few viable candidates for 

stormwater treatment applications.  

E3.2.1 (Modified) Graphene oxide-coated sand 

Graphene oxides are single-layer trigonal planar (sp2) carbon nanosheets decorated with 

epoxy and hydroxyl groups on the basal planes and carboxylic acid groups along the edges.329 

Produced from chemical exfoliation of oxidized graphite minerals, graphene oxides have high 

reactive surface area, increased hydrophilicity,330 and are conducive to additional 

functionalization.331 As a result, graphene oxides are used in a wide variety of applications 

including biosensors,332 enhanced electron transport in electrochemical systems,333, 334 drug 

delivery,335, 336 and water treatment.337, 338 Additionally, the recent demonstrated success of the 

well-established (modified) Hummers method339 for high throughput synthesis of graphene oxide 

nanosheets has greatly expanded the practical feasibility of using nanoscale graphene oxide in 

real, engineered applications.  

Similar to iron and manganese oxides, graphene oxide nanosheets are difficult to employ 

during water treatment unless a support is used (e.g., semipermeable membranes.340-342 There are 

several studies investigating (modified) graphene oxide-coated sand for water treatment 

applications, including for urban stormwater treatment. Coating graphene oxide onto sand can 

mimic the performance of granular activated carbon used in water treatment by creating a 

carbonaceous media with high adsorptive capacity for removing (trace) organic compounds343-345 
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and inorganic contaminants.346, 347 To generate graphene oxide-coated sands, additional 

modification of graphene oxide is needed. The increased number of oxygen-containing 

functional groups on graphene oxide compared to graphene impart some hydrophilicity; 

however, the large domains of remaining hydrophobic aromatic groups348 can decrease its 

suitability for coating substrates like sand which require acidic functional group linkages. To 

facilitate a stable coating of graphene oxide onto sand for stormwater treatment, researchers have 

modified graphene oxide with hydrophilic species to increase attachment efficiency.349-351 For 

example, Gao et al. modified graphene oxide nanosheets with thiol groups by taking advantage 

of diazonium grafting chemistry352 to allow self-assembly of graphene oxide onto sand 

surfaces.353 The resulting graphene oxide coated sand exhibited five times higher adsorption of 

mercury and Rhodamine B compared to unmodified sand during column filtration studies. 

Similarly, there are studies investigating coating sand surfaces with Al2+- and Mg2+-graphene 

oxide nanosheets which demonstrate higher complexation efficiencies of phosphate and metals 

(i.e., Zn and Cu), and adsorption of organic compounds (i.e., diclofenac and caffeine) compared 

to (reduced) graphene oxides.277, 278 

Gao et al. and Vu et al. have also included important information regarding the stability 

of the modified graphene oxide-coated sand for stormwater infiltration applications. During a 2-h 

column filtration study treating mercury and Rhodamine B in water, no leaching of graphene 

oxide from the sand surface was observed.353 The Vu et al. study examined removal of 

phosphate, zinc, caffeine, and E. coli model stormwater contaminants in synthetic and real 

filtered surface runoff during single and multi-contaminant column experiments. In the multiple 

contaminant experiments using Al–Mg/graphene oxide-coated sand, E. coli removal was 93.8% 

in synthetic runoff and 93.0% in real surface runoff, with minimal remobilization in either 
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scenario.277 Furthermore, complete breakthrough of caffeine, zinc and phosphate (0.5 mg/L each) 

occurred nearly 5,000 pore volumes sooner in real surface runoff than in cleaner synthetic 

stormwater conditions, which was attributed to sorption site competition with dissolved organic 

matter present in the real water. The estimated lifetime of the Al–Mg/graphene oxide-coated sand 

in the Vu et al. study was determined to be at least 15 years given the study conditions.  

E3.2.2. Polymer-Clay Composites 

Polymer-clay composites are promising stormwater treatment media typically 

synthesized by mixing (cationic) polymer solutions with a clay solution at ratios corresponding 

to the clay cation exchange capacity and the desired degree of hydrophobicity.354 Following 

mixing, the modified clay slurry is removed, washed and dried. The simple fabrication of these 

low-cost adsorbents leverages the high reactive surface area and cation exchange capacity of 

clays355 with the functionality of organic polymers. Because of their added utility to remove 

organic and inorganic species, polymer-clay nanocomposites have been proposed since the 90s356  

as effective adsorbents and flocculants for water treatment.357 Compared to polymers or virgin 

clays used independently, polymer-clay nanocomposites have higher adsorption capacities and 

faster kinetic.358 The hydrophilicity and negative charge of clays359 allows positively charged 

polymers (i.e., polycations) to adsorb to the outside of the clay particle as well as exchange with 

the inner layer cations in swelling clays, resulting in charge reversal.360 The polymers add 

hydrophobic domains on the clay surface, which can enhance trace organic compound removal360  

via partitioning to the hydrophobic polymer-clay composite surface (Figure E5, left 

schematic).361 The polycation coating (which typically possess positively-charged moieties like 

quaternary amines) can also facilitate removal of negatively charged pathogens362 and free and 

complexed dissolved organic carbon species.362-364 To account for the possibility of polymer 
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desorption from the composite surface during stormwater treatment, the choice of polymers must 

weigh functionality with potential toxicity.  

The majority of studies investigating polymer-clay composites have been for treatment of 

trace organics in drinking water sources365-367 and in wastewater.368, 369 Of these, only a few 

studies have performed column experiments to gauge the performance of polymer-clay 

composites under more field-relevant treatment conditions. Ray et al. synthesized 

polydiallyldimethylammonium chloride and poly(4-vinylpyridine-co-styrene) montmorillonite 

clay composite media for urban stormwater treatment during continuous flow of synthetic 

stormwater in lab-scale columns.242 At 3 wt% loading (with sand), the clay composites exhibited 

greater removal of hydrophobic trace organics (e.g., fipronil and perfluorooctanesulfonic acid) 

compared to more hydrophilic compounds (e.g., 2,4-dichlorophenoxyacetic acid and atrazine). 

The dual functionality of the modified polymer-clay composites was demonstrated by their 

simultaneous and complete removal of all divalent trace metals (e.g., Cd2+, Cu2+, Zn2+ and Ni2+) 

and 40–60% removal oxyanions (i.e., As(V) and Cr(VI)) over 150 pore volumes. Interestingly, 

the hydraulic conductivity of the polymer clay composite-amended columns) was equal to or 

higher than the hydraulic conductivity of sand. Additionally, over 98% of the polymer coating 

remained on the clay after 48-h of constant wetting. This finding suggests that it may be feasible 

to employ polymer-coated clays as urban stormwater media in infiltration applications.  

E3.2.3. (Surfactant-)Modified Zeolites (SMZs) 

Like clays, zeolites are naturally abundant and negatively charged aluminosilicate 

minerals with high surface area and cation exchange capacity.370 Because of these properties, 

zeolites are similarly easy to modify with positively charged polymers and materials. Zeolites 

have been employed as adsorbents287 in wastewater treatment for trace metal removal290, 371 and 
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have more recently been investigated for ammonia and phosphate recovery applications.372  In 

fact, there are several studies investigating metal-modified zeolites as antimicrobial media for 

urban stormwater biofilters.373-375 Cu, Ag, and Zn among other metals possess inherent 

antimicrobial properties. Li et al. examined Cu2+- and Cu(OH)2- zeolite filter media for 

inactivation of E. coli during stormwater filtration and discovered that over 2-log E. coli removal 

was consistently achieved during five months of treating natural stormwater under typical 

conditions.373 

In addition to metal-modified zeolites, there have also been studies investigating 

surfactant-modified zeolites for enhanced adsorption of other types of micropollutants. A popular 

candidate for clay and zeolite modification is cetrimonium bromide (also known as 

cetyltrimethylammonium bromide (CTAB) or hexadecyltrimethylammonium bromide 

(HDTMA)), which is a quaternary ammonium positively charged surfactant. Similar to clays, the 

quaternary ammonium cation provides an anchor for the surfactant to attach to the negatively 

charged zeolite surface via electrostatic attraction. The methylene surfactant tail (–CH2)x 

provides a hydrophobic anchor for adsorption of organic compounds. If the surfactant 

concentration is increased past the critical micelle concentration, it is possible to reverse the 

charge of zeolites and generate a positively-charged adsorbent (Figure E5, right schematic).376 

This is often done to adsorb negatively-charged contaminants (e.g., arsenate,376 perchlorate,377  

and chromate,378 selenate378 and sulfate.378 While surfactant-modified zeolites have not been 

employed for urban stormwater treatment, their ability to remove a broad suite of contaminants 

is a promising quality for urban stormwater media. As for the longevity of this engineered media, 

Li et al. probed the biochemical stability of HDTMA-modified zeolites and observed that the 

HDTMA coating was stable at high ionic strength and over a wide pH range of 3–10.379 
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Furthermore, over 90% of the initial HDTMA remained bound to zeolites after 100 pore volume 

washes and over 98% remained on the surface after a 12–17 week incubation with activated 

sludge under aerobic and anaerobic conditions. These observations suggest that surfactant-

modified zeolites may be viable as engineered urban stormwater treatment media. 
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Figure E5. Schematic describing the synthesis of (A) polymer-clay composites and (B) surfactant 

modified zeolites. Polymer-clay composites are typically synthesized by (A1) mixing polycations and 

negatively charged phyllosilicate clays.  Mono- and di-valent cations within the clay layers are exchanged 

with the positively charged monomers to create an (A2) organoclay, reversing the negative surface charge 

of the clay. Further addition of polycation will generate a (A3) composite of positively charged 

organoclays functionalized with hydrophobic domains to adsorb negatively charged species (e.g., CrO4
2-) 

as well as organic compounds (e.g., benzene). (B1) Surfactant-modified zeolite synthesis undergoes a 

similar exchange of mono- and di-valent cations with a positively charged surfactant, such as 

hexadecyltrimethylammonium bromide. (B2a) The positively charged polar head groups will adsorb to 

the negatively charged zeolite surface exposing the hydrophobic surfactant tail, which can bind organic 

compounds. (B2b) If enough surfactant is added to induce micelle formation (e.g., critical micelle 

concentration (CMC) is reached), additional adsorption of negatively charged species can occur on the 

modified zeolite composite. 
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E4. Factors affecting media performance for contaminant removal 

Many researchers characterizing novel media for stormwater remediation conduct lab-

scale studies using synthetic stormwater to measure contaminant removal under ideal, consistent, 

and replicable conditions. However, prior to scaling up and implementing novel media in urban 

stormwater management systems, the following factors influencing contaminant removal must 

be considered: media characteristics, stormwater composition, and stormwater hydrology.  

E4.1. Media Characteristics 

In this review, we discuss various conventional and emerging materials designed to target 

the removal of inorganic and organic stormwater contaminants. The long-term durability and 

field efficacy of materials incorporated into existing urban stormwater BMPs depends on their 

chemical characteristics, structural integrity, and susceptibility to clogging and fouling. Here, we 

present current knowledge regarding the impact of these factors on stormwater treatment based 

on experimental data. In Section 5, we present several remaining factors requiring additional 

research to gain a deeper understanding of how stormwater media can be employed in existing 

treatment systems to improve urban stormwater quality.  

E4.1.1 Porosity, Surface Area, Structural Integrity 

Porous materials such as biochar and activated carbon are often used to sequester 

contaminants through intraparticle diffusion of pollutants within pores. Depending on the 

biomass feedstock and pyrolysis temperature used to produce biochar, the product porosity and 

bulk density can vary significantly.380 The low bulk density and mechanical strength of some 

biochars may impact soil properties and make it difficult to incorporate biochar amendments into 

existing treatment systems. In particular, structural weaknesses in biochar381 can cause it to break 

apart and lead to rapid and frequent clogging.242 Additionally, biochar’s porosity leads to higher 

water retention, which could also reduce urban stormwater permeability during infiltration. Low 
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hydraulic conductivity of biochar due to water retention may be overcome if the correct particle 

size, mass loading, and porosity are selected, particularly during stormwater infiltration 

applications. Extreme storm events such as floods can physically shear biochar (and similarly 

structured media), causing transport of contaminants to receiving waters. To mitigate this 

outcome and ensure that smaller particles are trapped more effectively, it is important to choose 

support media (e.g., gravel, sand, etc.) with the appropriate particle size, porosity, and density.  

In addition to media porosity, other properties (e.g., particle size, surface area, hydration, 

etc.) can also impact urban stormwater contaminant removal in BMPs. Some media, like clays, 

can undergo structural changes when introduced to water. In particular, the characteristic layered 

structure of certain clays (e.g., montmorillonite and other smectites) allows water to become 

absorbed within the structure and the clay to swell, resulting in strong electrostatic repulsive 

forces between the negatively-charged layers and expansion.382 Zeolites also exist in layered 

structures and can undergo swelling when introduced to water.383 In fact, it is the expansion 

characteristic of these materials that contributes easy functionalization with polymers and 

surfactants. Once modified, as in the case of clays, swelling may occur despite the intercalation 

of polymers within the layers.384 If the loading of functionalized clay and zeolite mineral 

amendments in urban stormwater infrastructure is too high, structural expansion and water 

absorption could reduce urban stormwater permeability and clog infiltration systems.385 

Considering that the frequency and intensity of stormwater events depend upon regional and 

seasonal weather patterns, it is often difficult to predict or control the structural changes that 

media can undergo.  
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E4.2. Stormwater Composition 

In addition to media characteristics, the chemical properties (e.g., pH, redox potential) 

and composition of urban stormwater (e.g., suspended solids, cationic salts, dissolved organic 

matter, microbes) can dramatically impact media performance. 

E4.2.1 Co-Occurring Inorganic Salts: Cationic Bridging, Nutrients, and Redox Potential 

In addition to the target metal contaminants, other inorganic salts and species present in 

urban stormwater can impact media performance. For example, particularly in subsurface 

systems, the redox conditions are governed by inorganic species (e.g., Fe, S) and biological 

processes (e.g., denitrification and respiration). Stormwater media incorporated into subsurface 

treatment systems could therefore potentially interact with these species and processes that 

typically contribute to low dissolved oxygen levels and anoxic conditions. Aqueous redox 

conditions can also impact the solubility of certain metals (e.g., iron oxides can dissolve in 

anoxic conditions) and the transformation and degradation of certain contaminants (e.g., 

oxidation of trace organics and reduction of microorganisms/metals).221 

Negatively-charged adsorbent media used in stormwater remediation (e.g., 

aluminosilicate clays, activated carbon, biochar) can undergo interactions with divalent cations 

(e.g., Ca2+, Mg2+) present in urban stormwater, which often serve as bridges between anionic 

contaminants and the media. Divalent cation bridging was introduced by McKinney386 and 

Tezuka387 as a mechanism for biological floc formation -- divalent cations bridge negatively-

charged functional groups within extracellular polymeric substances to aggregate and stabilize 

microbes. A similar mechanism occurs between negatively-charged surface functional groups on 

stormwater media -- divalent cations and anionic contaminants in stormwater promote adsorption 

of compounds such as phosphate,388 polysaccharides389 and oils.390 For example, per- and 

polyfluoroalkyl substances have been demonstrated to form complexes with biochar and 
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activated carbon through cationic bridging.391 Divalent cations in urban stormwater infiltration 

systems where media is employed may also contribute to metals desorption (e.g., during snow 

deicing).392 

E4.2.2 Co-Occurring Organics: DOC and Microbes  

High molecular weight, negatively charged, colloidal, and hydrophobic organic species 

with numerous functional groups such as DOC393 can also impact media contaminant removal 

efficacy during urban stormwater treatment in BMPs. DOC, a component of natural organic 

matter, is one of the most ubiquitous organic constituents in natural and engineered aquatic 

systems. DOC is notorious for adsorbing to media surfaces and competing with contaminants for 

adsorption sites.394, 395 Passivation of media surfaces by DOC could also reduce the lifetime of 

stormwater media and treatment efficacy. The acidic functional groups of DOC behave similarly 

to those of metal oxides by participating in complexation of trace metals,396 which may lead to 

enhanced contaminant removal if the metal-complexed DOC adsorbs to stormwater media 

surfaces.242 During oxidative treatments (e.g., scenarios involving application of manganese 

oxide-coated sand media), the presence of DOC and its many aromatic and electron-rich moieties 

can act as an electron shuttle to promote redox reactions.397  

Another important process impacting media performance is biological fouling, 

particularly for carbonaceous stormwater media like activated carbon and biochar. Microbes, like 

DOC, are ubiquitous in aquatic environments. Activated carbon and biochar are essentially 

carbon-rich substrates that can act as a food source to promote biological growth and fouling of 

media surfaces.398 Biofouling of media surfaces will result in similar surface site passivation of 

stormwater media and reduce the long-term removal of trace contaminants during treatment. 

Over time, however, the biofilm formation on media surfaces may contribute to media-supported 
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biodegradation of organic contaminants in urban stormwater. In fact, with thoughtful design, 

known stormwater composition and redox conditions could be used to stimulate microbial 

growth using media like biochar. 

E4.3. Media Quality Assessments for Field Applicability 

The information in the preceding sections provide insight into the multitude of factors 

and attributes of stormwater and media associated with maximizing contaminant removal during 

urban stormwater treatment. There is potential for media amendment in existing stormwater 

BMPs to greatly increase contaminant removal during urban stormwater management. Trends of 

increasing annual precipitation in the United States399 combined with the negative impacts of 

anthropogenic activity and frequency of extreme weather events (e.g., floods)400 will result in 

more overflow events and will drive the need for improved urban runoff management. In regions 

prone to water scarcity, proper stormwater management can be leveraged to augment the urban 

water supply. Major cities are beginning to recognize the untapped potential of using urban 

runoff as a water resource investing millions of dollars to convert urban landscapes into 

stormwater capture basins and providing utility rebates to residences and commercial properties 

to financially incentivize urban stormwater capture.401 For example, the City of Los Angeles and 

local stakeholders have partnered to transform an existing landfill in Sun Valley into the Rory M. 

Shaw Wetlands Park Project (cost: $22.5 million) to address local flooding issues and to increase 

water conservation efforts.402 The City of Seattle Public Utilities offers a Residential RainWise 

rebate program to single family residences to install cisterns for stormwater capture and other 

green infrastructure such as rain gardens, porous pavement, and grass-centered driveways to help 

reduce the damage caused by combined sewer overflow events.223 To help city planners and 
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researchers determine if a media is suitable for (de)centralized urban stormwater treatment, the 

authors recommend the following considerations and tests: 

E4.3.1. Characterization of Media Physicochemical Properties  

The discussions of conventional and engineered media have included information 

regarding specific properties linked to contaminant removal. If a new media is under 

consideration for a particular field application, it is necessary to understand the physical and 

chemical properties of the media to predict interactions with water, common stormwater matrix 

constituents, and contaminants of interest. Recommended analytical methods for characterizing 

stormwater media are provided in Table E4. It is important to note that the information of 

recommended analyses in this section is a limited view of many techniques available to 

characterize solid materials.  

If the media is organic in nature (e.g., compost, activated carbon and biochar), the carbon 

content and corresponding porosity will be key predictors of aqueous interactions (including 

contaminants). As discussed previously, the media feedstock has significant implications on the 

type of contaminants removed and the affinity of those contaminants to the media. This is due in 

large part to the carbon content of the feed and the resulting aromaticity and porosity associated 

with the method of thermochemical (i.e., pyrolysis) processing. For example, a study by Singh et 

al. suggests that biochars produced from feedstocks with low carbon content (e.g., manure) and 

at low pyrolysis temperatures have 20 times less stability compared to biochars of high carbon 

content feeds and pyrolysis temperatures.403 Proximate analysis and elemental composition 

provide important information regarding the composition of organic (particularly carbonaceous) 

media which is facilitated by TGA weight loss measurements upon heating (Table E4). The 

available surface area and porosity can be obtained via Brunauer-Emmett-Teller (BET) theory 
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and analysis. Following elemental analysis, if more information is desired regarding media 

aromaticity, 13C nuclear magnetic resonance analysis can be performed.  

For primarily inorganic media, several techniques can be employed to characterize 

mineral phases and structural and chemical bonding environments, which can provide insight 

into the potential for cation exchange capacity and complexation via acid-base functional groups. 

X-ray techniques (e.g., XRD and XRF, Table E4) provide structural and elemental composition 

information for inorganic materials with an atomic lattice structure. 

Table 4: Techniques recommended for characterization of organic and inorganic media 

Type of media Instrument Measured parameters References 

 

 

 

organic 

(carbonaceous) 

Thermogravimetric Analyzer (TGA) 
moisture, volatile matter, 

ash and fixed carbon 

Mayoral et 

al.404 Grønli et 

al.405 

CHNSO Elemental Analyzer elemental composition 
Kuwata et 

al.406 

BET Surface Analyzer 
specific surface area, 

porosity 

Dollimore et 

al.407 

Nuclear Magnetic Resonance (NMR) 
13C spectra, degree of 

aromaticity 

Hammes et 

al.408 

 

inorganic 

X-ray Diffractometer (XRD) 

phase identification and 

prediction, structure 

verification 

Nayak and 

Singh409 

X-ray Fluorescence Spectrometer (XRF) elemental composition 
Elaiopoulos et 

al.410 

 

 

 

 

 

organic and 

inorganic 

X-ray Photoelectron Spectrometer (XPS) 

surface analyses of 

atomic bonding, 

oxidation states, atomic 

properties 

Smart et al.411 

Fourier-transform Infrared Spectrometer 

(FTIR): Attenuated Total Reflection 

(ATR) or Diffuse Reflectance Infrared 

Spectroscopy (DRIFTS) 

bulk and surface 

chemical fingerprint 

Yoon and 

Ratner412 

Zetasizer or Electrophoretic Light 

Scattering (ELS) Instrument 

zeta potential (surface 

charge); electrophoretic 
Jiang et al.413 

https://paperpile.com/c/xve9ui/WOTkg
https://paperpile.com/c/xve9ui/WOTkg
https://paperpile.com/c/xve9ui/UzV8b
https://paperpile.com/c/xve9ui/UzV8b
https://paperpile.com/c/xve9ui/O0sGj
https://paperpile.com/c/xve9ui/O0sGj
https://paperpile.com/c/xve9ui/fRdZL
https://paperpile.com/c/xve9ui/fRdZL
https://paperpile.com/c/xve9ui/xfOoO
https://paperpile.com/c/xve9ui/xfOoO
https://paperpile.com/c/xve9ui/u2bLG
https://paperpile.com/c/xve9ui/u2bLG
https://paperpile.com/c/xve9ui/Sc2DP
https://paperpile.com/c/xve9ui/Sc2DP
https://paperpile.com/c/xve9ui/f2O7F
https://paperpile.com/c/xve9ui/7axob
https://paperpile.com/c/xve9ui/7axob
https://paperpile.com/c/xve9ui/W3IEW
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moieties 

Texture Analyzer 

elastic modulus, 

hardness, fracture 

toughness 

Jones et al.414 

Column* Constant or Falling Head Tests 

saturated hydraulic 

conductivity, water 

permeability 

ASTM415 

*Column refers to a filter column; this technique does not require analytical instrumentation 

There are several analytical techniques that are suitable for both organic and inorganic 

media, making them particularly appropriate to characterize hybrid inorganic-organic composite 

media. XPS and FTIR provide surface chemistry and atomic bonding information, which can 

help identify available functional groups for stormwater contaminant removal. Media surface 

charge is another useful physicochemical quality that can facilitate contaminant removal and 

other electrostatic interactions with common ions in stormwater. Media hydraulic conductivity 

and water permeability are other important properties which can help assess the suitability of 

media for contaminant removal during urban stormwater treatment, particularly during 

stormwater infiltration applications. For example, a 30-month field study where biochar was 

amended in a sandy loam soil revealed that biochar resulted in increased local hydraulic 

conductivity and lower bulk density.416 If the media has low hydraulic conductivity then 

augmented stormwater BMPs may become clogged during stormwater infiltration. Finally, it 

may be desirable to determine the media's mechanical strength if stress and shear are a concern 

for the structural stability in certain BMPs.  

E4.3.2. Recommended Lab-scale Media Studies 

Lab-scale studies provide practical and useful information of media behavior and 

performance, particularly when field-scale or pilot studies are too costly, difficult, or time 

consuming to execute. Many reports investigating media for stormwater treatment and water 

https://paperpile.com/c/xve9ui/C92sb


174 
 

treatment generally perform laboratory-scale batch experiments to gauge media contaminant 

affinity, kinetics, and removal capacity (e.g., isotherm experiments). Media behavior from batch 

studies can be informative to predict field performance; however, additional experiments may be 

required to more accurately assess media longevity and reactivity under field conditions. One 

important lab-scale experiment that should be considered for stormwater media is column 

infiltration. In contrast to batch studies, column studies allow media to continuously interact with 

a constant concentration of contaminants in the influent source. This distinction is critical to 

determining the lifetime of a stormwater media. Continuous operation and contaminant treatment 

will be applicable regardless of whether the media is implemented in (de)centralized BMPs for 

passive remediation or in designated treatment facilities near urban stormwater BMPs. Column 

studies can mimic field conditions of stormwater infiltration to allow for analysis of media 

behavior during intermittent storm events,238, 260 after long periods of drying and rehydration, and 

media regeneration during backwashing.  

E4.3.3. Leaching and Desorption 

For long-term media stability in stormwater BMPs, it is important to determine the 

potential for leaching and desorption. There are limited studies (described in previous sections) 

that examine contaminant desorption during stormwater treatment. Desorption is particularly 

troublesome for adsorption-based media where contaminants may be loosely adsorbed via weak 

interactions such as electrostatic attraction or van der Waals and hydrophobic interactions. 

Furthermore, changes in stormwater composition can weaken contaminant chemisorption (e.g., 

hydrogen bonding, complexation) and lead to contaminant desorption from media in stormwater 

BMPs, which will neutralize any benefits of media amendment to reduce contaminant loads to 

receiving waters.  
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In addition to contaminant desorption, tests need to be conducted to determine if 

modifications to media surfaces will leach during stormwater infiltration. For example, a study 

on manganese oxide-coated sand suggests that the coating can leach from the sand surface during 

infiltration, releasing levels of dissolved manganese exceeding the EPA recommended level.273 

Both analyses of leaching and desorption are easily performed by taking advantage of column 

studies. Measuring contaminant concentrations in column effluent and detecting the presence of 

media modifiers (e.g., polymers) after complete breakthrough has been achieved will indicate if 

desorption and/or leaching has occurred. To mitigate the potential for additional environmental 

and human risks, it is important to consider the toxicities of media modification materials.  

Table E5 (not shown). Summary of studies on conventional media performance to remove various 

stormwater pollutants. This table is contained in the associated Microsoft Excel® spreadsheet. 

E5. Future Research Directions 

This review presents an overview of physicochemical characteristics, reactivities, and 

interfacial properties of current and emerging media available to enhance contaminant removal 

of existing stormwater best management practices. The international stormwater database reveals 

that the most commonly used and monitored BMPs are grass swales, retention ponds, detention 

basins, and wetland basins. While these systems offer the potential to reduce runoff volume, our 

data synthesis indicates that they exhibit low removal efficiencies for many contaminants (e.g., < 

40% for Total N, Total P, and COD). Furthermore, the lack of information on organic 

contaminant occurrence and removal as well as the variability in the type and number of 

reporting sites pose a challenge in fully assessing the performance of BMPs.  

A variety of low-cost materials have been tested for stormwater pollutant removal. 

Organic materials such as compost, activated carbon, and biochar possess surface functional 
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groups favorable to adsorption of metals and trace organics. Although sand can maintain high 

hydraulic conductivity and effectively remove solids, it displays low affinity for dissolved 

contaminants such as nutrients and organic contaminants. Clays and zeolites are often employed 

to remove metals in stormwater. Nutrients such as ammonium can be removed through ion 

exchange processes by zeolites. Novel engineered media that modify or combine these 

conventional media (e.g., surfactant modified zeolites, polymer clay composites, metal oxide-

coated sands) offer the benefit of enhancing stormwater pollutant removal without sacrificing 

hydraulic performance.  

Studies on conventional and emerging media discussed in this review showed promising 

results for stormwater treatment. However, additional physicochemical characteristics impacting 

media performance and longevity must also be considered. For example, media with a high water 

retention capacity could be more prone to flooding and clogging during high volume storm 

events, ultimately resulting in a shorter lifetime. Additionally, stormwater composition can 

impact pollutant removal by altering stormwater pollutants or the surface of the media.  

E6. Conclusions  

In order to develop smarter designs of engineered systems for stormwater treatment, it is first 

crucial to improve our understanding of the relationship between media performance and 

hydrological factors such as intermittency of flow, length of wet and dry periods, and 

contaminant remobilization. For example, during extreme storm events, levels of contaminants 

will be high and treatment efficiency in BMPs will be reduced due to overwhelmed capacity. In 

the paper “Modelling Urban Stormwater Treatment—A Unified Approach”, Wong et al. present 

an algorithmic model to predict the hydrodynamic behavior of storage facilities (wetlands and 

ponds), vegetated swales, and infiltration systems (sediments basins and biofilters) operating 
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under variable conditions.417 The authors conclude that the fundamental physical processes 

occurring in these systems during storm events include: (i) initial perception of contaminants 

through sedimentation and filtration and (ii) continuing flow attenuation and detention.417 Future 

research is necessary to build stormwater treatment systems that can be operated at different 

spatial and temporal scales of hydraulic loading. 

The majority of the current studies on conventional media for stormwater treatment have 

been conducted in synthetic water matrices (Table E2). There is a need for additional studies to 

be conducted using real stormwater matrices because, despite the high concentration and 

occurrence of certain common constituents (e.g., fats, oils, and greases rank third in Table E1), 

there is little research on the removal or impact of these constituents. For instance, only a few 

publications address the mechanisms employed by emerging engineered media to remove 

nutrients and nitrogenous compounds. Our synthesis of stormwater BMP data (Figure E1) 

showed low nutrient removal across all BMP categories, yet few studies evaluate the addition of 

engineered media to BMPs for the purpose of nutrient removal. Nitrogenous compound removal 

is impacted by nitrogen speciation and microbiological nitrification, processes that transform the 

nitrogen species but do not remove it.226 Certain BMPs designed to have high infiltration rates 

give rise to aerobic conditions favoring nitrification,226  which could lead to increased nitrate 

concentrations in stormwater treatment systems. Additionally, inputs of nitrogen in stormwater 

runoff are primarily in the form of dissolved nitrogen, which is soluble and difficult to capture. 

Engineered media can promote the removal of nitrogenous compounds and nutrients through ion 

exchange processes and co-precipitation with trace metals. However, depending on the 

corresponding solubility product, the pollutant concentration may not decrease to levels that 

conform to water quality standards. Thus, to gain a more comprehensive view of media 
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performance in contaminant removal, additional research on more realistic stormwater matrices 

containing representative pollutants (e.g., nutrients, fats, oils, greases) is necessary. 

Few studies have focused on the durability and longevity of media intended for stormwater 

remediation or currently incorporated in existing stormwater BMP systems. Although some 

researchers have explored the impacts of regeneration and backwashing on increasing the 

lifetime of filtration media (e.g., manganese oxide-coated sand,273 Al-Mg/graphene oxide 

composites,278 base-treated juniper media,418 there is a lack of published data from field studies 

to demonstrate the feasibility of these processes in real-world applications. Further research on 

waste management and media reuse is necessary to compare the levelized cost and labor 

implications of incorporating stormwater media into existing BMPs or replacing other 

remediation technologies. 

Factors such as media characteristics (e.g., porosity, surface area, structural integrity) and 

stormwater composition (e.g., inorganic salts, nutrients, redox potential, microbes and DOC) can 

influence media performance and longevity. In order to fully assess the suitability and 

applicability of media, characterization analyses (e.g.) and column studies employing real 

stormwater matrices are needed. 

Few studies examine stormwater treatment by media in BMPs in the United States at the 

pilot scale;230, 231, 268, 419 however, it is this critical knowledge gap that limits deployment of 

media (particularly engineered media) in existing or new urban stormwater BMPs. For example, 

until the media are scrutinized under more realistic field-level conditions, it is difficult to assess 

economic viability, primary advantages and disadvantages with respect to contaminant 

sequestration and stormwater permeability, and opportunities for reuse and regeneration of 
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exhausted media. More pilot studies are imperative before media can be utilized regularly in 

urban stormwater treatment. 
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