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Abstract

A core tertiary wastewater reactive filtration technology, where continuously renewed
hydrous ferric oxide coated sand is created in an upflow continuous backwash filter,
has been adopted in about 100 water resource recovery facilities in several countries.
Primarily focused on ultralow phosphorus discharge requirements to address nutrient
pollution impacts and harmful algae blooms, the technology has also demonstrated the
capacity to address high-efficiency removals of Hg, As, Zn, N, and other pollutants of
concern, in addition to water quality needs met by common sand filtration, including total
suspended solids. Recent work has demonstrated the capability of an additive iron–ozone
catalytic oxidation process to the core reactive filtration technology platform to address
micropollutants such as pharmaceuticals. Most recently, direct injection of frangible biochar
into the reactive sand filter bed as a consumable reagent demonstrates a novel biochar
water treatment technology in a platform that yields dose-dependent carbon negativity.
In this work, the reactive filtration technology performance is reviewed from field pilot-
scale to full-scale installation scenarios for nutrient removal and recovery applications.
We also review the potential of the technology for nutrient recovery with the addition
of biochar and micropollutant destructive removal with catalytic oxidation. Research
exploration of this reactive filtration technology includes life cycle assessment (LCA) and
techno-economic assessment to evaluate the environmental and economic impacts of this
advanced water treatment technology. A recent LCA study of a pilot-scale field research and
full-scale municipal system with over 2200 inventory elements shows a dose-dependent
carbon negativity when biochar is injected into the process stream of reactive filtration.
In this study, LCA demonstrates that reactive filtration has the potential as a negative
emissions technology with −1.21 kg CO2e/m3, where the negative contribution from the
dosed biochar is −1.53 kg CO2e/m3. In this biochar water treatment configuration, the
system not only effectively removes pollutants from wastewater but also contributes to
carbon sequestration and nutrient recovery for agriculture, making it a potentially valuable
approach for sustainable water treatment.

Keywords: reactive filtration; nutrient recovery; wastewater treatment; biochar;
P removal; denitrification
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1. Introduction
In this review, we explore a novel reactive filtration platform for water treatment that

attempts to address concerns regarding sustainable water resources, nutrient recovery for
agriculture, and climate change mitigation through biochar carbon sequestration. The
United Nations Sustainable Development Goals (UN SDGs) outlined the need for develop-
ing accelerated and innovative solutions to address the global challenges that humans and
the planet face in creating a sustainable and equitable future [1]. SDG 6, Clean Water and
Sanitation, aims to ensure the accessibility and availability of safe drinking water for all.
This involves developing novel solutions to improve water quality, to increase water use
efficiency, and to protect and restore water-related ecosystems. SDG 13, Climate Action,
aims to take immediate and impactful actions to address climate change and its effects. This
includes finding solutions for greenhouse gas emission reduction and increased climate
resilience and adaptation measures. SDG 2, Zero Hunger, aims to stop hunger and malnu-
trition, achieve food security, and advance sustainable agriculture. SDG 12, Responsible
Consumption and Production includes efforts to reduce waste and focus attention on life
cycle and overall sustainability in personal, industrial, corporate and community practice.
These SDGs motivate researchers to develop innovative technologies to address global
challenges for future intergenerational needs. For example, a recent review paper concludes
that nutrient-polluted water is broadly related to 16 of the 17 SDGs [2]. However, many of
the SDGs, such as the ones described here, are difficult to address since they are complex,
multi-disciplinary, and interconnected problems [3]. Thus, there is a new need and urgency
in bringing cross-cutting applied science solutions to address complex interdisciplinary
global challenges to help achieve a more sustainable and equitable future for all.

Freshwater availability is vital as it is one of the essential resources used for food
production, manufacturing, energy generation, and recreation [4]. However, freshwater
accessibility becomes a challenge as the increased demand for freshwater far exceeds its
production and supply due to global climate change, rapid urbanization, and increasing
population. This is exacerbated by pollution of water resources coming from both point
and non-point sources, including industrial and municipal wastewater and urban and
agricultural run-offs. Some of these run-offs may contain phosphorus (P) and nitrogen (N),
where excess amounts of these elements in water can promote the accelerated growth of
harmful algal blooms (HABs), thereby depleting freshwater sources and destroying marine
ecosystems [5]. Thus, nutrient recycling from polluted waters presents an opportunity for
researchers to develop water treatment technologies and to address the global challenges
presented by UN SDGs [6].

Phosphorus, a finite resource whose use as a fertilizer is essential for food security,
is being mined and depleted globally. Data from the U.S. Geological Survey show that
the mining of phosphate rock in five states in the U.S. produced 21 million tons of mar-
ketable products in 2022 [7]. Globally, 3.0 million metric tons of P end up in wastewater
annually [8]. The ongoing conflict between Russia and Ukraine, and the accompanying
sanctions, have disrupted the global energy supply and thus affected fertilizer production
costs due to increased energy costs [9]. Furthermore, these political and economic conflicts
have increased risks to our nutrient supply and future food security. Hence, it is important
to utilize recovery of P from waste streams throughout both the food production and
consumption system [10]. This would allow us to close our phosphorus use–reuse cycle, to
secure our food sources, and to improve overall sustainability. Major efforts and initiatives
are being explored to recycle P from wastewaters such as in the European Sustainable
Phosphorus Platform [11] and the United States Phosphorus Initiative [12].

Different technologies have been developed for removing and recovering P to address
P sustainability and food security. Excellent reviews of these technologies are provided by
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several researchers [13–17]. These reviews showed diverse technological approaches to
removing P, which can be broadly classified as physical, chemical, and biological. A few of
these methods are briefly summarized and covered here.

In physical removal technologies, P can be removed based on size such as sand filtra-
tion and membrane filtration. For example, Wathugala et al. [18] used sand filtration with
Phragmites australis to remove nitrogen, phosphorus, and COD. Yildiz [19] used fly ash in
a crossflow microfiltration membrane unit to remove phosphate ions. Erickson et al. [20]
used enhanced sand filtration with steel wool, calcareous sand, or limestone to remove dis-
solved phosphorus from storm water runoff. Leo et al. [21] used commercial nanofiltration
membranes to treat phosphorus-rich wastewater solutions.

With the chemical removal of P, different approaches can also be used such as precipi-
tation, flocculation, or adsorption methods. Precipitation techniques use metal salts to react
with dissolved P, which produces insoluble precipitates [17]. For example, Clark et al. [22]
used iron (II) sulfate heptahydrate solution on top of an aerated filter to remove P. In floc-
culation, metals or organic polymers are used to destabilize colloidal particles to produce
aggregates. As an example, Ngo and Guo [23] developed a modified green bio flocculant
for membrane fouling control and enhanced phosphorus removal in a conventional aerated
submerged membrane bioreactor to treat wastewater. Lastly, adsorption utilizes a surface
removal reaction on a solid material [13]. Adsorption has been reported for achieving low
concentrations of ortho-phosphorus (OP); studies have shown this method consistently
reaching OP removal of 0.01–0.1 mg/L [24–26]. However, one of the limitations of using
adsorption as a technology is its ability to only remove primarily dissolved P.

Biological removal technologies involve P uptake by plants and microorganisms.
A biological approach promotes P removal without the need for chemical precipitants. The
enhanced biological phosphorus removal (EBPR) is accomplished through the activated
sludge process by recirculating sludge through anaerobic and aerobic conditions [27].
Other biological P removal uses microalgal biofilms [28], halophytic plants [29], and
polyphosphate-accumulating organisms [30]. Oehmen et al. [30] and Nielsen et al. [31]
provide excellent overviews in this area of EBPR.

Other methods of P removal include struvite precipitation, which is a crystalline
compound composed of Mg2+, NH4

+, and PO4
3− (MgHN4PO4·6H2O) in equal mo-

lar amounts [32,33] that can target the removal and recovery of NH4
+ or PO4

3− from
wastewater [34–37]. Struvite precipitation occurs when ammonium, magnesium, and
phosphate concentrations exceed the struvite saturation level [38]. Although effective at
recovering P and N, wastewater treatment with struvite precipitation has its own challenges
such as in continuous flow treatment processes and meeting the low-level requirements
for discharge. Despite these challenges, struvite precipitation is still an attractive method
for P removal and recovery, and details of the advances in this technology along with its
environmental impacts are provided in review papers by several researchers [39–41].

Another possible approach to remove P from wastewater is to combine several meth-
ods to achieve the desired P effluent concentration. Kim et al. [42] used a hybrid ad-
sorbent/membrane system dosed with alum and/or aluminum-based adsorbent, which
reduced the OP to 0.25 mg/L in hybrid configuration. Mitchell and Ullman [43] used
a combination of chemical precipitation and a series of sand filtration and ultra-filtration
units to reduce their effluent P to 0.015 mg/L. Newcombe et al. [44] used reactive filtra-
tion, where iron salt solutions are injected to produce hydrous iron oxide-coated sand in
a moving bed sand filter reactor, and produced an average P effluent of 0.011 mg/L. Other
researchers have investigated the potential of biochar (BC) for removing P in wastewater
as well as producing nutrient-enriched BC for soil amendment [45–49].
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Hydrous ferric oxide reactive filtration (HFO-RF or RF) has been developed and
refined over the past two decades by the research team at the University of Idaho (UI). The
technology has been installed at water resource and recovery facilities (WRRFs) on three
continents, including in South Korea as part of their countrywide Four Major Rivers Project
for water quality [50]. The ongoing research on RF has enabled it to be used in different
configurations such as RF with and without BC (i.e., Fe-BC-RF), with and without catalytic
ozonation (i.e., Fe-CatOx-RF), and in a current full process configuration (i.e., Fe-CatOx-
BC-RF). These configurations allow the water treatment process to be capable of nutrient
removal and recovery as well as micropollutant destruction. The technology has produced
several patents and publications on its water treatment process studies [44,47,51–59], along
with its life cycle assessment (LCA) and techno-economic analysis (TEA) studies [53,60,61].
The overarching goal of this technology development is to use RF as a multi-operation
platform and use BC to aid in P removal and recovery for wastewater treatment and
agricultural drainage treatment while producing a product that has value as a recycled
nutrient. Therefore, this paper’s objective is to conduct a review and analysis of reactive
filtration (RF) used by our research team for tertiary wastewater treatment processes.
This review paper will focus on (1) process performance in pilot- to large-scale water
treatment, (2) emerging capabilities related to RF addressing phosphorus removal and
recovery and micropollutant removal, and (3) a biochar-integrated technology modification
for carbon-negative operations of reactive filtration explored in pilot-scale field trials and
by LCA. This review is important to assess the progression of RF as a multi-functional
platform. Furthermore, this also allows the community of researchers to recognize gaps
and limitations in decades-long research on the re-engineering of sand filtration. Lastly,
this review assists analysis to define a future direction of the related research to utilize
BC for different applications such as agricultural, municipal, and food water treatment.
This review demonstrates the value of LCA and TEA studies and how they can be refined,
and the potential role of assessment of the socio-economic impact of the technology as an
evolving tool to explore the viability of water treatment technologies.

2. Processes and Mechanisms of Reactive Filtration
2.1. Reactive Filtration (RF)

The general Fe-CatOx-BC-RF process diagram is shown in Figure 1, which outlines
the overall process components. Full details of the reactive filtration process have been
provided elsewhere [53,55,56,59]. For brevity in an explanation of the background, the
general process operation is briefly described in this manuscript.

Influent water (Figure 1, element 1) is screened as it enters the mixing tank (Figure 1,
element 2). Iron chloride (FeCl3) is mixed with the influent water as it enters the moving bed
sand filter (Figure 1, element 3). In the sand filter, an airlift assembly continuously moves
the sand particles into a washbox. The addition of FeCl3 produces highly reactive hydrous
ferric oxide (HFO) coatings on the sand particles [44,51,52], which in turn adsorb P moieties.
The motion of the sand through the counter-current sand bed and washbox removes the
HFO coating and contaminants in the fluid through a reject assembly in the washbox. This
process is repeated in the second sand filter (Figure 1, element 4a) and treated as serial RF.
The reject streams (Figure 1, element 5b) return upstream to the plant’s primary/secondary
treatment, with the effect of lowering the average contaminant concentration of secondary
effluent water entering the tertiary reactive filtration process [55,56]. A few studies using
this general process configuration have been conducted in laboratory-, pilot-, and full-
scale scenarios, in select locations in USA and UK. Note that the overall process can
incorporate catalytic oxidation by adding ozone (O3) and nutrient recovery by adding
biochar. Furthermore, each trial conducted would have different RF system conditions,
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such as dosing rates and contact time, depending on the specific targets of the field test and
the unique make-up of the water to be treated. The readers are referred to Baker et al. [53]
for these specific details. In general, the operating parameters for pilot-scale field studies
require adoption of dose rates, reaction times, and process flows developed from initial
engineering studies and on-site process optimization trials that can create operations
experience that is applied to maximize the information gained. This is a limitation in costly
field study equipment mobilizations, often performed with ten metric tons of technology,
where a full day of high flow testing is the minimum requirement for a single flow and
dose data set.

Figure 1. Schematic of the overall Fe-CatOx-BC-RF process. Red lines indicate removable components
to change RF configuration (i.e., Fe-CatOx-RF, Fe-BC-RF). Black numbered circles represent major
process components.

2.2. RF with Catalytic Oxidation (Fe-CatOx-RF)

Reactive filtration with catalytic oxidation is one of the configurations of the technology
to provide catalytic oxidation processes (i.e., CatOx) in treating water. Water treatment
with CatOx is an advanced oxidation process (AOP) that uses metal salt reagent with
ozone to generate reactive oxidants. Adding ozone enables CatOx destructive removal
of micropollutants by generating reactive oxidants such as hydroxyl radical (•OH) and
peroxyl radical (ROO•). These reactive oxidants play a role in advanced water treatment as
they are nonselective in oxidizing and decomposing numerous hazardous compounds to
oxidized metabolites or CO2 and inorganic ions [62–65]. In this approach, CatOx produces
the hydroxyl radical by an ozone-based decomposition reaction that is initiated by Fe2+ in
the bulk solution. These reaction pathways can be seen as [53,66,67]

≡ FeIII − OH + O3 → ≡ FeIII − O3 + OH− (1)

≡ FeIII + O3 + OH− → ≡ FeII + ·OOH + O2 (2)

≡ FeIII + O3 + H2O → ≡ FeIII + OH− + ·OH + O2 (3)

The formation of the hydroxyl radical with CatOx provides destructive removal of
organic toxicants, pesticides, hormones, and pharmaceuticals in the wastewater. A few
studies have been conducted with Fe-CatOx-RF configuration, such as in Moscow and
Sandpoint in Idaho, USA, and Horwich, UK.
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2.3. RF with Biochar (Fe-BC-RF)

Biochar can also be added to the RF system for pollutant removal and nutrient recovery
capabilities. Adding BC provides another approach to treat wastewater as metal salts
may not sufficiently remove micropollutants to desired levels [53]. Furthermore, an Fe-
modified BC can provide a reactive substrate for P adsorption [57] to produce a nutrient-
enriched biochar, which can be utilized as a soil amendment [45,46]. Studies with this
soil amendment have shown increased plant productivity by 16% [68] and P availability
factor of 4.6 [69] when BC is used as a soil amendment. Biochar can help improve the
quality of soil by improving soil indicators such as organic matter content, trace element
content, pH levels, and soil homogeneity [70]. Others have shown that BC can facilitate
long-term carbon capture sequestration as it can persist in soils for several hundred years,
thereby reducing the global warming potential of water treatment processes [53,71–74].
Thus, adding native or chemically modified BC in water treatment processes provides a
unique position for RF in pollutant removal and nutrient recovery, in promoting plant
growth and soil health enhancement, and in soil amendment production cost reduction.
Biochar added in the RF process configuration can be seen as the red box in Figure 1. We
have conducted reactive filtration with biochar studies in the laboratory and pilot studies
at municipal WRRFs in the cities of Moscow, Troy, and Sandpoint in Idaho, USA.

Different biochar materials were used in the pilot-scale studies. In the Moscow, ID
and Troy, ID pilot trials, a commercial coconut shell biochar product (Cool Planet biochar,
National Carbon Technologies, Oakdale, MN, USA) was used. In the Sandpoint trials,
Blacklite Pure pine biochar (Pacific Biochar, Santa Rosa, CA, USA) was used. A municipal
biosolid biochar was also used (OurCarbon, Bioforcetech Corporation, Redwood City, CA,
USA) in the Sandpoint trials. As research progressed, iron modifications were conducted
on the biochar to increase its sorption capacity prior to the Sandpoint trials. Studies have
shown that biochar modification with Fe increases its sorption capacity, which makes it
an effective substrate for adsorptive P removal from wastewater [75].

Supporting work by Strawn et al. [57], shown in Figure 2, on biochar application
in reactive filtration explains that phosphate sorption on biochar and activated carbon is
initially high at low concentrations but decreases as concentration increases. The Freundlich
isotherm model fits the data for Biochar Now (BN) biochar and activated carbon (AC),
while the Langmuir model fits better for anaerobic digester (AD) biochar. Iron modifica-
tion significantly enhances P sorption in BN biochar and AC but reduces it in anaerobic
digester biochar due to blocking of amine functional groups. The paper also notes that
sorption isotherms are useful for predicting sorbate concentrations but not for interpreting
mechanistic processes.

2.4. RF for Mercury and Arsenic Removal

Arsenic (As) exposure is critical to monitor and remove in drinking water due to its
carcinogenic potential and chronic As poisoning risk [76]. The United States Environmental
Protection Agency (USEPA) decreased the drinking water standard from 50 to 10 µg/L to
protect public health from As exposure [77]. On the other hand, mercury (Hg) contami-
nation in the environment can pose a risk to human and ecological health. The ionic Hg
or mercury(II) that occurs in the environment can be transformed into methylmercury
(MeHg) by sulfate-reducing bacteria and other anaerobic bacteria in aquatic sediments,
which is then accumulated in aquatic food webs and consumed by fish [78]. Humans and
wildlife are at risk of exposure to toxic MeHg through fish consumption, which can impair
reproduction and fetal development. USEPA has set the standard to 2 µg/L for drinking
water [79] and 2–3 servings a week from fish low in mercury [80]. Thus, there is a need for
cost-effective and efficient removal of As and Hg from drinking and surface waters.
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Figure 2. Sorption isotherms for raw and modified biochar. Adapted from Strawn et al. [57].

Reactive filtration has been used to remove As and Hg in water. This is because RF
combines three processes (e.g., filtration, adsorption, and co-precipitation) that are effective
in removing As and Hg from wastewater. In a co-precipitation process, for example,
a reagent such as ferric chloride is added to the influent, and As is then adsorbed by
precipitated iron oxyhydroxide particles [52]. Fluidized bed reactors can facilitate the
precipitation of iron (III) as a sand coating [81], and the iron-coated sand can adsorb As,
effectively removing it from drinking water and wastewaters [82,83]. Similarly, Hg can be
removed through filtration, adsorption, and chemical precipitation [84,85]. Mechanistically,
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the Hg-HFO reactive pathway modeling of surface complexation and surface precipitation
can be shown as [86]

≡Fes/wOH0 + Hg2+ → ≡ Fes/wOHg+ + H+, (4)

≡Fes/wOH0 + Hg2+ + H2O → ≡ Fes/wOH+ + ≡ Hgs/wOH2
+ + H+ (5)

where s = major solid and w = dissolved solid. Surface complexation constants for (4) are
Ks = 7.76 and Kw = 6.45, while surface complexation constants for (5) are KspFe = 2.5 and
KwspHg = 3.88 [86]. Beutel et al. [58] used RF to remove Hg at four study sites (two pilot
and two large-scale installations), with mean removal efficiencies from 53 to 97%, targeting
maximum removal or regulatory permit levels, and the U.S. Great Lakes Initiative ultralow
limit level of 1.3 ng/L. Newcombe et al. [52] used RF to adsorb As through an adsorp-
tion and coprecipitation process, which yielded a mean removal of 91.8% below the U.S.
drinking water standard of 0.010 mg/L total arsenic.

2.5. RF for Denitrification

Wastewater treatment from WRRFs often has effluent discharge limits for nutrients
such as total nitrogen. If discharge limits require nitrate to be removed, denitrifying the
wastewater can be used to reduce the nitrate to nitrogen gas. Denitrification can reduce
the total nitrogen as well as reduce suspended solids in the effluent. Hence, reducing
the nitrogen compounds from effluent wastewater can help mitigate the HABs. For this
to happen, ammonia in the wastewater needs to be oxidized to nitrite, and from nitrite
to nitrate through nitrification. Denitrification, on the other hand, is a process in which
facultative anaerobes reduce nitrates to gaseous nitrogen [87]. Some of these anaerobes are
fungi, which can flourish in anoxic conditions because they break down oxygen-containing
compounds (e.g., NO3

−) to obtain oxygen. Nitrogen can exist in several forms once
introduced in an aquatic environment; these are dissolved nitrogen gas (N2), ammonia
(NH4

+ and NH3), nitrite (NO2
−), nitrate (NO3

−), and organic nitrogen as proteinaceous
matter or in dissolved or particulate phases. The reaction pathway steps can be shown
as [88]

6 NO3
− + 2 CH3OH → 6 NO2

− + 2 CO2 + 4 H2O (6)

6 NO2
− + 3 CH3OH → 3 N2 + 3 CO2 + 3 H2O + 6 OH− (7)

6 NO3
− + 5 CH3OH → 5 CO2 + 3 N2 + 7 H2O + 6 OH− (8)

Studies have shown that nitrification/denitrification can enhance the effluent quality to
meet stringent total nitrogen requirements. For example, Chan et al. [89] studied the impact
of continuous backwash nitrifying sand filters as a tertiary treatment stage for ten sewage
treatment works. These filters were chosen due to their advantages, such as compactness
and simplicity of operation. Their work showed 3–6 mg/L NH3-N discharge content for
a flow rate of 2.1–118 L/s. Lee et al. [90] reported a removal capacity of 3.4 g NH4-N
m−3h−1 using pilot-scale biological rapid sand filters under varying influent ammonium
concentrations. Moore [91] reported average ammonia effluent limits of 1.4 mg/L for
summer and 2.9 mg/L for winter, using recirculating media filters for 36 publicly owned
systems in Missouri, USA. Koopman et al. [92] evaluated a pilot-scale moving bed up-flow
sand filter with methanol for influent NO2 + NO3

−N concentrations of up to 22 g/m3.
Their work yielded an effluent of NO2 + NO3

−N ≤ 1.0 g/m3 at daily loadings of up to
2.7 kg/m3.

Reactive filtration with a carbon microbial energy source is capable of denitrification
of wastewater. In RF, organic carbon compounds can be added to the wastewater pathway
as feedstock to promote microbial denitrification and to aid the removal of nitrogen com-
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pounds from the wastewater within the reactor bed. Organic carbon compounds can be
alcohol, a saccharide, a cellulose derivative, methanol, ethanol, ethylene glycol, glycerol,
acetate, glycerin, glucose, galactose, maltose, fructose, hydroxyethyl cellulose, hydrox-
ypropyl cellulose, or carboxymethyl cellulose [56]. In the commercial sector, Nexom’s Blue
Nite® uses a continuous backwash up-flow sand filter to denitrify wastewaters with nitrate
removal of <1 mg/L [93]. This can also be coupled with their Blue PRO® reactive filtration
technology to provide additional nutrient removal [94].

2.6. Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA)

LCA and TEA have been conducted on this RF technology to evaluate its environmen-
tal impacts and its economic feasibility. These studies are important to identify societal
demands for sustainable, cost-effective, and environmentally friendly technology solutions
for advanced water treatment. Full details of LCA and TEA methodology, modeling, and
case studies are provided by Taslakyan et al. [60,61]. This includes acquiring biochar inven-
tory data to properly model biochar impact in the LCA studies. The key steps and findings
of the LCA and TEA models are briefly summarized in this paper.

LCA and TEA studies on RF used 1 m3 influent wastewater as the functional unit to
enable objective comparisons. LCA in RF studies was conducted with SimaPro® using the
ReCiPe midpoint analysis method for impact assessment [60]. TEA studies were conducted
with Crystal Ball (Oracle Corporation, Austin, TX, USA), which is a spreadsheet-based
application used for predictive modeling, forecasting, simulation, and optimization. The
TEA model was developed using a similar process model as in LCA studies, and input
and output parameters were estimated from an extensive survey of available marketplace
information using probability distributions. Table 1 shows the location where LCA and
TEA parametrization studies were conducted for pilot-scale, full-scale, and conservative
baseline (1 MGD) WRRFs. For the TEA studies, a 20-year life span and service period,
a net present value at a conservative 6% interest rate, and one hundred Bayesian prior
distributions were used to conduct the financial forecast analysis of the Fe-CatOx-BC-RF
technology. Sensitivity analysis to identify the impact of flow rate and biochar dosage using
100,000 simulation runs was also conducted in that study [53,61].

Table 1. LCA and TEA simulation studies for Sandpoint, ID and Plummer, ID and baseline conserva-
tive model WRRFs.

WRRF Flow Rate (L/s) Biochar Dose (g/m3)

Sandpoint, ID, USA 0.6 0, 100, 200, 300, 400, 500
Plummer, ID, USA 13.1 0, 100, 200, 300, 400, 500

Baseline model 43.8 0, 100, 200, 300, 400, 500

An important variable presented in the TEA studies is the levelized cost of water
(LCOW), which contains the capital expenditure (CAPEX) and operating expenditure
(OPEX) for a unit amount of treated water. CAPEX consists of initial investment costs,
while OPEX consists of processing and operational costs. The LCOW is the total cost of the
water treatment technology to treat a certain quantity of water. This is shown as

LCOW =
∑ CAPEX + ∑ OPEX

Quantity o f water treated
(9)

2.7. RF Configurations

Different case studies, configurations, and applications of RF used in this review are
summarized in Table 2. Full details of each wastewater treatment study, such as processes
and mechanisms, are published by several authors for a few test sites [44,47,51–53,60,61].
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As seen from Table 2, different configurations were used with RF as the base configuration.
Furthermore, the table also shows RF and its additional modifications used for synthetic and
municipal scenarios to quantify its potential in nutrient removal and recovery in laboratory,
pilot, and large-scale applications. Here, we note that different biochars (raw and Fe-
modified) were also used in the trials to determine their performance in nutrient recovery.

Table 2. Summary of reactive filtration studies at different scales and applications. Flow rates
presented here are the mean influent to the RF system. Serial-RF indicates a treatment path that uses
two reactive filters plumbed in series. Years indicate when studies were conducted.

Configuration Site Application Flow Rate (L/s) Type of Study Year

RF Fruitland, ID, USA Municipal 0.63 Pilot [52] 2006

RF Hayden, ID, USA Municipal 11 Full-scale installation
[44,51,58] 2008

RF Marlborough, MA, USA Municipal 127.3 Full-scale installation [94] 2012
RF Hibbing, MN, USA Municipal 1.57 Pilot [58] 2018
RF Virginia, MN, USA Municipal 1.57 Pilot [58] 2018
RF Int. Falls, MN, USA Municipal 132 Full-scale installation [58] 2018

Serial-RF Plummer, ID, USA Municipal 13.89 Full-scale installation,
LCA, TEA [60,61] 2022

RF Sandpoint, ID, USA Municipal 0.55–0.59 Pilot [47] 2023
RF Moscow, ID, USA Synthetic 0.032–0.063 Laboratory [47] 2023

Serial-RF Citronelle, AL, USA Municipal 17.53 Full-scale installation [94] 2016
RF Bloomer, WI, USA Municipal 16.17 Full-scale installation [94] 2021
RF Burrillville, RI, USA Municipal 65.72 Full-scale installation [94] 2017
RF Indian Head, MD, USA Municipal 26.29 Full-scale installation [94] 2011

Fe-BC-RF Moscow, ID, USA Synthetic 0.032–0.063 Laboratory [47] 2023
Fe-CatOx-RF Moscow, ID, USA Municipal 0.41–0.45 Pilot [53] 2023
Fe-CatOx-RF Horwich, UK Municipal 10–16 Full-scale installation [53] 2023
Fe-CatOx-RF Sandpoint, ID, USA Municipal 0.55–0.59 Pilot [47] 2023

Fe-CatOx-BC-RF Moscow, ID, USA Municipal 0.6–1.0 Pilot [47,54] 2016, 2023
Fe-CatOx-BC-RF Troy, ID, USA Municipal 0.6–1.0 Pilot [47,54] 2016, 2023
Fe-CatOx-BC-RF Sandpoint, ID, USA Municipal 0.55–0.59 Pilot, LCA, TEA [47,54,61] 2023

It is important to note that although RF is modifiable to accommodate catalytic oxi-
dation and the biochar process capabilities shown in Table 2, it requires careful planning.
Some of the operational challenges experienced running field trials for both pilot and large
scale are initial stability of RF system, process optimization, and steady supply of biochar,
ozone, and ferric chloride supply. For example, 2 days were used for process stabilization
and optimization in Sandpoint pilot trials before the sampling experiments, and 18 months
of near-continuous operation were used for stability and optimization for Horwich, UK
trials. Field sampling, sample preservation, and laboratory analytical data obtained by
standard methods used in regulatory water quality assessment are used in the studies.
Biochar fouling in the RF system was not noted to pose a challenge in the trials, since
process optimization within the time frames of the test trials did not observe challenges, al-
though sand bed overloading by suspended solids is certainly possible. Beyond optimized
dose rates, frangible BC that was injected into the sand bed is ball-milled and filtered by
the quartz sand and discharged via the filter reject (Figure 1, element 5b) [47].

3. Results
3.1. P Removal from Laboratory Studies

Synthetic water studies provide insight into RF’s performance in removing P in a
controlled environment scenario. Figure 3 shows the results [47] of the RF pilot study
conducted in synthetic lake water (SLW) in Moscow, Idaho with (Fe-BC-RF) and without
biochar (RF). In these initial pilot studies, the results highlight excellent TP removal per-
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formance of 94–96% using RF and Fe-BC-RF at TP concentration of 0.072 mg/L (Week 1).
Even after increasing TP influent concentration to 0.208 mg/L (Week 2), the results show a
high removal performance by RF technology of 98%. This shows the encouraging results
of RF technology in removing P at different TP concentrations with or without biochar
in an idealized scenario. The findings from these studies showed the potential of RF as a
novel solution to improve water quality conditions and address SDG 6, Clean Water and
Sanitation. The addition of biochar to the RF process having minimal impact on these initial
pilot studies needs to be investigated further.

Figure 3. Mean TP log effluent concentration and percent removal in synthetic lake water studies.
(a) RF only. (b) Fe-BC-RF. Week 1 influent TP is ~0.072 mg/L. Week 2 influent TP is ~0.208 mg/L.
Error bars are too small to be shown. Adapted from Yu et al. [47].

3.2. P Removal from Field Pilot-Scale Studies

The field pilot-scale studies assess RF technology in P removal and recovery in various
influent conditions and configurations. Table 3 summarizes the pilot-scale studies con-
ducted at several locations in the United States. There was excellent P removal of >83% for
various wastewater flow rates, locations, and RF configurations. P removal performance
is 94.3–96.4% with just RF, 86.9–88.3% with Fe-CatOx-RF, and 83.9–99.5% with Fe-CatOx-
BC-RF. These findings show that the RF system phosphorus removal efficiency is stable,
however, fluctuations in influent phosphorus concentrations can influence its treatment
performance under variable wastewater conditions. LCA studies of Sandpoint, ID trials
showed an overall carbon negative −1.21 kg CO2e/m3 for the Fe-CatOx-BC-RF pilot-scale
process, where the negative contribution from biochar is −1.53 kg CO2e/m3 [61].

In Hg and As contaminant removal trials, the RF technology allows for effective As
(91.8%) and Hg (>81%) removal for a few select locations such as in Hibbing and Virginia,
Minnesota. The trace levels of mercury from the studies are impacted by the quality of the
secondary effluent, including dissolved organic matter content entering RF systems [58].
For As removal trials, the research suggests that the formation and renewal of iron oxide-
coated sand in the moving bed sand filter improves the As removal efficiency [52]. Overall,
these pilot-scale trials showed that the RF could decrease the Hg and As concentrations to
below 2 µg/L and 10 µg/L standards, respectively.

The results from these studies also show that the addition of O3 and BC did not
hinder RF performance during the treatment process as observed in Moscow, Troy, and
Sandpoint field trials. Adding O3 to the system configuration adds destruction of mi-
cropollutants through CatOx. In addition, adding BC provides a pathway for nutrient
recycling, such as P, where the nutrient-upcycled biochar can be amended to soils. Thus,
these two additional components provide micropollutant destruction and nutrient recovery,
which are two technological advances needed for the next generation of water treatment
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to help achieve SDG 6 [95,96]. Their impacts in the RF treatment process can be seen in
micropollutant removal and nutrient recovery sections.

Table 3. Field pilot-scale P, As, and Hg and their removal percentage at different trials. Effluent
values reported are mean values. P effluent values are total phosphorus.

Configuration Site Application Flow Rate (L/s) Target Effluent (mg/L) Removal (%)

RF Fruitland, ID, USA Municipal 0.63 As 0.0033 91.8
RF Hibbing, MN, USA Municipal 1.57 Hg 1.9 × 10−6 95.6
RF Hibbing, MN, USA Municipal 1.57 P 0.08 96.4
RF Virginia, MN, USA Municipal 1.57 Hg 8 × 10−7 81.0
RF Virginia, MN, USA Municipal 1.57 P 0.03 94.3
RF Sandpoint, ID, USA Municipal 0.55–0.59 P 0.10 96.4

Fe-CatOx-RF Moscow, ID, USA Municipal 0.41–0.45 P 0.03 86.9
Fe-CatOx-RF Sandpoint, ID, USA Municipal 0.55–0.59 P 0.44 88.3

Fe-CatOx-BC-RF Moscow, ID, USA Municipal 0.6–1.0 P 0.02 83.9
Fe-CatOx-BC-RF Troy, ID, USA Municipal 0.6–1.0 P 0.03 99.5
Fe-CatOx-BC-RF Sandpoint, ID, USA Municipal 0.55–0.59 P 0.18–0.51 88.8–95.2

3.3. Micropollutant Removal Performance from Field Pilot and Large-Scale Studies

Micropollutants were analyzed from the influent and effluent water to understand the
micropollutant destruction and removal of the RF technology. Table 4 provides a summary
of the detected compounds and removal performance for different RF configurations and
trial locations. The table shows the removal performance, which uses a data heuristics
approach to improve the accuracy of calculated compound removal efficiencies [97,98]. In
this approach, only values greater than 5 × Limit of Quantification (LoQ) were used to
report tertiary treatment data. This allows many detected micropollutants to be removed
from further analysis, which improves data interpretation. Effluent concentrations below
the 5 × LoQ were estimated to have concentrations of 0.5 × LoQ [99].

The results from the table show excellent removal performance of micropollutants
with and without CatOx and with and without BC for most of the compounds in the water
(>70%). The results demonstrate that despite the water quality variability in the influent
conditions, RF can efficiently remove contaminants. The results also show that the addition
and the type of biochar (i.e., native or modified BC) directly or indirectly affect the RF
process in terms of micropollutant removal. The RF trials in Hayden, ID also showed good
micropollutant removals in a large-scale scenario. Although the results show excellent
removal performance, they do not reveal the mechanism of micropollutant removal. The
results only show that the micropollutants were removed from the RF system influent.
Potential removal pathways may include destructive removal via oxidative pathways,
adsorption on system solids including iron oxides and biochar, and a combination of
both. While this can be addressed in a separate investigation, the complexity of real-
world wastewater used in field studies may confound the value of any detailed studies in
these largely uncontrolled and highly variable water systems. The cost basis and degree
of difficulty of mechanistic studies in pilot-scale field trials limit the exploration of our
understanding of important questions of pathways and dynamics at the molecular scale.

Overall, the RF process and its variations demonstrate an effective approach for
water treatment removal and recovery of nutrients with micropollutant destruction for
various inflow conditions. This water treatment technology compares favorably to other
micropollutant removal processes such as granular activated carbon (GAC) [100] and
membrane-based filtrations [75].
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Table 4. Micropollutant removal performance of detected compounds for different Fe-CatOx-BC-RF
configurations. ❶ = Moscow (Fe-CatOx-RF). ❷ = Sandpoint (RF). ❸ = Sandpoint (Fe-CatOx-BC-RF;
4% Iron Pacific Biochar). ❹ = Sandpoint (Fe-CatOx-BC-RF; Native Pacific Biochar). ❺ = Sandpoint
(Fe-CatOx-BC-RF; Biosolid Biochar). ❻ = Moscow (Fe-CatOx-BC-RF; 0.5% Iron Modified Cool Planet
Biochar). ❼ = Hayden (RF). Adapted and modified from Yu et al. [47].

Excellent (>90%) Good (70–90%) Fair (40–70%) Low (20–40%) Poor (<20%)

Analytes

Acetaminophen ❺❼ ❷
Androstenedione ❹ ❺

Bisphenol A ❶❷❸❹❺❻❼
Caffeine ❶❷❸❹❺❻❼ ❺

Carbamazepine ❶❷❸❹❺❻
DEET ❶❸❹❺❻ ❷

Diclofenac ❶❷❸❹❺❻
Dilantin ❶❷❸❹❻ ❺
Estrone ❷❸❹❺❻ ❼

Fluoxetine ❶❷❸❹❺❻ ❼
Gemfibrozil ❶❷❸❹❺❻❼

Hydrocodone ❶❷❸❹❺❻
Ibuprofen ❶❷❸❹❻❼ ❺

Meprobamate ❶❸❻ ❷❹ ❺
Methadone ❶❷❸❹❻ ❺
Naproxen ❶❷❸❹❺❻❼

Oxybenzone ❷❸❹
Salicylic Acid ❺ ❹ ❷

Sulfamethoxazole ❶❷❸❹❻❼ ❺
Trimethoprim ❶❷❸❹❺❻ ❼

3.4. Nutrient Recovery Performance from Field Pilot Studies

The goal of biochar addition to the RF process in water treatment is to provide
a medium to capture nutrients in wastewater. Studies have shown that biochar is ef-
fective in capturing nutrients due to its unique properties such as large specific surface
area, pH buffering capacity, and ion exchange capacity [101]. Initial attempts to integrate
BC in RF treatment processes and configurations were conducted in Sandpoint pilot trials,
with nutrient recovery analyses conducted in these trials. For these analyses, total and
formic acid extraction experiments were conducted on the biochar studied to determine the
nutrient contents and availability [47]. Table 5 provides a summary of the amount of P and
N in native, recovered, and rejected biochar for different BC types used in Sandpoint trials.

The results from the nutrient analysis of these trials with different biochar suggest that
biochar can be an effective medium to recover nutrients from wastewater. The results also
suggest that an iron-modified BC (i.e., Fe-BC) performed better in nutrient recovery than its
unmodified version. This is highlighted by the increase in P by 2.1× (757 to 1600 mg/kg P)
and N by 3.8× (810 to 3040 mg/kg N) using Fe-BCP. For unmodified BC (i.e., BCP), it only
increased by 1.2× (806 to 931 mg/kg) for P and 0.86× (790 to 680 mg/kg) for N. Biosolid-
based BC showed no significant change in P from its native condition. Studies conducted by
Sagar et al. [102] on the performance of the recovered biochar to plant growth showed that
the Fe-modified biochar can supply adequate P to plants when used as fertilizer, supporting
the use of nutrient-upcycled biochar as a biochar-based fertilizer. Thus, the combination of
findings from these studies [47,102] helped address SDG 2, which aims to improve food
security and advance agriculture sustainability.
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Table 5. P extractable nutrient content of native, recovered, and reject biochar in Sandpoint, ID
field pilot trials (n = 1–2). Fe-BCP = 4% Fe-amended Pacific biochar; BCP = native Pacific biochar;
BCB = biosolid biochar. Adapted and modified from Yu et al. [47]. (-) = Not determined.

P (mg/kg BC) N (mg/kg BC)

Total Formic Acid Extractable P Total KCI Extractable NO3

Fe-BCP
Native 757 18 810 14

Recovered 1600 (2.1×) 206 (11.4×) 3040 (3.8×) 510 (36.4×)
Reject 7510 (9.9×) 199 (11×) 4030 (5.0×) 413 (29.5×)

BCP
Native 806 124 790 16

Recovered 931 (1.2×) 434 (3.5×) 680 (0.86×) 111 (6.9×)
Reject 14,200 (17.6×) 300 (2.4×) 4910 (6.2×) 146 (9.1×)

BCB Native 46,400 6360 29,000 -
Recovered 45,900 (0.99×) 4480 (0.70×) 27,600 (0.95×) -

3.5. P, Hg, Cu, and N Removal from Large-Scale Studies

The removal performance of RF technology in large-scale scenarios is summarized in
Table 6. The P removal ranged from 77.8–99.9% using flow rates of 10–132 L/s. The results
suggest that the RF process reduces P at high efficiency. The results also suggest minimal
impact of influent variability and flow rate conditions on RF system performance. Even at
the highest flow rate, 132 L/s, conducted at International Falls, Minnesota WRRF, reactive
filtration managed to remove P and Hg at high efficiency (83.2% and 96.9%, respectively),
meeting their regulatory discharge permit levels. This is because Fe is being used in the
filtration process, which increases P removal from wastewater, and is also cost controlled
in dosing when targeted to achieve permit limits rather than a more complete removal
that may result in increased doses. The results also show the viability of the technology
to remove other elements such as Hg, Cu, and N, and thus has the potential to meet strict
regulations such as the Great Lakes Initiative standard, which includes a total Hg effluent
discharge target of 1.3 ng/L [103]. Full-scale installations are typically operated to achieve
discharge permit levels of contaminants rather than optimization for maximum removals.

Table 6. Full-scale removal of P, Hg, Cu, and N and removal percentages at different site trials.
Effluent values reported are mean values. P effluent values are total phosphorus; N effluent values
are total nitrogen. (-) = not specified. Full-scale installations are typically operated to achieve
discharge permit levels of contaminants rather than optimization for maximum removals. Data
extracted from [53,94].

Configuration Site Application Flow Rate (L/s) Target Effluent (mg/L) Removal (%)

RF Hayden, ID, USA Municipal 11 Hg 4.6 × 10−7 53
RF Hayden, ID, USA Municipal 11 P 0.03 98.7
RF Marlborough, MA, USA Municipal 127.3 P 0.7–1.0 77.8–93
RF Int. Falls, MN, USA Municipal 132 Hg 2.7 × 10−6 96.9
RF Int. Falls, MN, USA Municipal 132 P 0.59 83.2

Serial-RF Plummer, ID, USA Municipal 13.89 P 0.05 97.5
Serial-RF Citronelle, AL, USA Municipal 17.53 P 0.022 99.0–99.9

RF Bloomer, WI, USA Municipal 16.17 P 0.075 90.6
RF Burrilleville, RI, USA Municipal 65.72 Cu 0.0075 50
RF Burrilleville, RI, USA Municipal 65.72 P 0.08 84–94.7
RF Indian Head, MD, USA Municipal 26.29 N 1.5 -
RF Indian Head, MD, USA Municipal 26.29 P 0.30 -

Fe-CatOx-RF Horwich, UK Municipal 10–16 P 0.19 90
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The results of the large-scale study highlight the scalability of RF from its pilot-scale
version (see Table 3), which had P removal efficiencies from 83.9 to 99.5%. However, it is
challenging to do a cross-comparison of pilot-scale and full-scale performance with the
same influent conditions, which can be project resource intensive. It can also be challenging
due to the availability of the site where studies are conducted. Nevertheless, the results
from both pilot-scale and full-scale studies show the robustness of the RF process.

The USEPA Enforcement Compliance History Online (ECHO) database [104] provides
a detailed report of water resource recovery facility (WRRF) effluents. Example effluent
charts are shown in Figures 4 and 5 for total P and total N from 06/2020 to 06/2024 from
Citronelle, AL WRRF. These charts highlight the ability of reactive filtration to meet weekly
and monthly average limits. Note that some reported data have different limits, which
are adjusted based on the season. Furthermore, some of the effluent readings are beyond
the set limits, which resulted in resolved/unresolved violations that periodically occur in
continuous operations such as in May 2022 [104]. Other reports and charts from different
WRRFs can be generated from the database [104]. It is notable that at 0.022 mg/L total P,
the Citronelle, AL WRRF, has the lowest TP discharge regulatory limit in the United States.

Figure 4. Total P effluent from Citronelle, AL, USA WRRF. -- = 0.022 mg/L TP discharge
limit. ♦ = Average measurements without violations. ♢ = Measurements with resolved violations.
♦ = Effluent measurement with violations. The effluent chart is from 8 June 2020 to 7 June 2024. Data
and figure from [104].

Figure 5. Total N effluent (as total ammonia) from Citronelle, AL wastewater treatment plant in USA.
♦ = Effluent measurements with violations. The effluent chart is from 14 June 2019 to 7 June 2024.
Data and figures from [104].
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LCA studies conducted in Plummer, ID by Taslakyan et al. [60] showed a 0.02 kg CO2e
global warming potential (GWP) per cubic meter of treated water by RF, where almost half
of the impact is contributed from filter system concrete housing. They also concluded an
overall freshwater eutrophication impact reduction of 99% with RF compared to a no water
treatment scenario. The incorporation of biochar in the RF system transforms it into carbon-
negative at −1.41 kg CO2e per cubic meter of treated water, and the GWP values are biochar
dose-dependent [61]. Thus, the results indicate that reactive filtration in large-scale sce-
narios is an encouraging tertiary, carbon-negative, water treatment technology, which can
address phosphorus recycling needs in comparison to other treatment technologies [105].
In addition, the results of the LCA studies helped demonstrate how RF technology is
addressing SDGs 12 and 13, which are related to responsible and environment-friendly
consumption of resources.

3.6. TEA Case Studies on RF at Different Flow Rates

Regarding the exploration of the economic feasibility of the Fe-CatOx-BC-RF treat-
ment technology, TEA case studies of RF for different flow rates were conducted.
Taslakyan et al. [61] provides details for conducting LCA and TEA on Fe-CatOx-BC-RF
pilot studies, which are briefly summarized and adapted here. We first looked at the CAPEX
and OPEX breakdown of the key components of the Fe-CatOx-BC-RF system, which are
shown in Figure 6a,b. The result from CAPEX (Figure 6a) indicates that the ozone generator
has the highest share of the total capital expenditure, contributing 41.6%. This is followed
by a similar share of costs by components such as control systems, tanks and reservoirs,
and volumetric feeder with 5–11%. All other components such as hoses and pipes make
a minimal contribution to CAPEX with 2.7%. For OPEX (Figure 6b), Fe-CatOx-BC-RF
uses chemicals such as FeCl3 and NaOH, biochar, electricity, labor, and maintenance costs.
This study highlights that adding biochar only contributes 11.4% of OPEX. Furthermore,
disposal costs in the TEA contribute to 22.0%, assuming a disposal cost of USD 0.44 per
kilogram of solids and an average of 37.8 kg/d total solids [106].

  
(a) (b) 

Figure 6. Breakdown of CAPEX and OPEX components for Fe-CatOx-BC-RF (in percentage)
of total forecasted levelized cost of water: (a) CAPEX; (b) OPEX. Adapted and modified from
Taslakyan et al. [61].

The TEA cost model case studies of Fe-CatOx-BC-RF for Sandpoint, Plummer, and
the baseline model are shown in Figure 7. The case studies consider the Fe-CatOx-BC-RF
without BC addition and the addition of BC to the system at 100 g/m3 increments. The
case studies by Taslakyan et al. [61] highlight that equipment and capital costs dominate at
small flow rates, while consumables become more prominent at large flow rates. The TEA
results showed that the carbon neutral cost per cubic meter of treated water is USD 1.38,
USD 0.18, and USD 0.11 for 0.6 L/s, 13.1 L/s, and 43.8 L/s, respectively. Furthermore, TEA
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also shows that adding biochar after reaching carbon neutrality only provides more carbon
sequestered with an associated cost of USD 0.07 per 100 g/m3.

Figure 7. Forecasted Fe-CatOx-BC-RF treatment levelized cost per cubic meter of water [$/m3].
The C100 carbon neutral dose rate for the pilot-scale determined from the LCA is 98.5 g/m3 and
36.4 g/m3 for the Plummer WRRF. The Plummer dose rate is assumed for the 43.8 L/s cost estimate.
All currency values are in USD. Calculations assume the same dose rate of Fe and O3 for all three
scales of the process model and the same carbon-neutral BC dose level for 43.8 L/s as the 13.1 L/s
municipal Plummer site. Error bars were small in Plummer, ID and baseline model compared to
Sandpoint, ID. Adapted and modified from Taslakyan et al. [61].

4. Conclusions
The reactive filtration (RF) technology has been developed, commercialized, and

improved over the past two decades by the research team at the University of Idaho for
its potential to remove nutrients and recover them for reuse in various types of waters. In
this work, we review the evolution of RF technology and evaluate its performance from
laboratory scale to large-scale water treatment scenarios. The published results of several
field pilot- to full-scale trials and installations are presented in this review.

The laboratory case studies were conducted on synthetic lake water to evaluate the
performance of reactive filtration in a controlled environment. Studies were conducted
with and without the addition of biochar for P removal. The results show excellent TP
removal performance of 94–98% and 96–98% removal of OP for RF and RF-BC, respectively.
Thus, in an idealized scenario, RF showed a promising pathway for P removal, and the
impact of biochar on P removal efficiency was minimal.

Pilot-scale studies were conducted across North America using different RF configu-
rations to test the performance of the technology in complex polluted waters. Pilot-scale
results showed removal P efficiencies of 86.9–99.5%, demonstrating the capability of the
technology to remove targeted nutrients at high efficiency. The results obtained from these
studies showed that adding O3 and BC to reactive filtration does not impact P removal pro-
cess, but provides new opportunities for the simultaneous destruction of micropollutants
through CatOx and P recycling through P-enriched BC. The recovered BC in these trials can
be amended to soils to support plant growth. Initial LCA studies modeling the pilot trials in
Sandpoint, ID showed an overall carbon-negative −1.21 kg CO2e/m3 for the Fe-CatOx-BC-
RF pilot-scale process, with the most negative contribution (positive environmental impact)
from biochar at −1.53 kg CO2e/m3. The results from the pilot trials showed promising
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results in integrating BC into the RF technology, making the process a carbon-negative
operation while promoting nutrient removal and recovery.

A review of the literature for large-scale RF water treatment shows excellent P removal
performance of 77.8–99.9% from a range of flow rates of 10–132 L/s across different source
waters and concentrations at WRRFs and other contaminated water sources [53,94]. The
results from these studies also demonstrate the removal of other pollutants such as As, Hg,
Cu, and N, with the potential to meet stringent regulations such as the Great Lakes Initiative
ultralow mercury standard [85,103]. Initial LCA studies showed a 0.02 kg CO2e/m3

footprint of treated water by RF and −1.41 kg CO2e/m3 with a biochar configuration
for Plummer, ID WRRF [60,61]. TEA studies showed that the RF technology can reach
neutrality with BC integrated into the system at 98.5 g/m3 for a pilot study such as
Sandpoint, ID, and decreases to 36.4 g/m3 when implemented in large-scale scenarios such
as Plummer, ID [61]. Thus, this review provides evidence that RF with the integration of
BC and CatOx has the potential to be a carbon-negative dose-dependent technology, with
the capacity for nutrient removal and recovery and micropollutant destructive removal.
While both CatOX-RF and BC-RF are early in the process development cycle for full scale
installations, these modifications to the RF platform demonstrate the capability to help
address UN SDGs in the arenas of water quality (SDG 6), food security (SDG 2), and climate
change mitigation (SDG 12 and 13).

5. Future Directions
This retrospective and comprehensive review of published research from the past

two decades shows the progression of RF from P removal to nutrient recovery with BC
and micropollutant destructive removal with CatOx. It is shown that tertiary filtration
aided by iron metal salt addition can reduce TP concentrations in the final effluent to
ultra-low oligotrophic levels. A future direction for research should aim to utilize BC for
different applications such as municipal, food, and agricultural water types. The aim of
another potential study would be to determine the long-term impact of biochar adsorbed
pollutant leaching risk when used in municipal wastewater treatment. Additionally, the
LCA and TEA models must be refined and expanded to study other parameters such
as catalytic oxidation contribution to energy demands in pilot and full–scale scenarios.
Socio-economic assessment studies are encouraged to evaluate the viability of the RF
technology. By addressing these targeted gaps, reactive filtration can be further assessed
for sustainability potential, technology readiness in additional applications, and viability
in climate change mitigation.
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Abbreviations
The following abbreviations are used in this manuscript:

BC Biochar
CatOx Catalytic Oxidation
CAPEX Capital Expenditure
ECHO Enforcement Compliance History Online
EBPR Enhanced Biological Phosphorus Removal
GAC Granulated Activated Carbon
GWP Global Warming Potential
HAB Harmful Algal Blooms
HFO-RF Hydrous Ferric Oxide Reactive Filtration
LCA Life Cycle Assessment
LCOW Levelized Cost of Water
LoQ Limits of Quantification
MGD Million Gallons per Day
OP Ortho-Phosphorus
OPEX Operating Expenditure
RF Reactive Filtration
SGD Sustainable Development Goals
SLW Synthetic Lake Water
TEA Techno-Economic Analysis
TP Total Phosphorus
UI University of Idaho
USEPA United States Environmental Protection Agency
WRRF Water Resource and Recovery Facilities
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