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Abstract: A demonstration-scale outdoor constructed wetland (CW) wastewater treatment system
was evaluated for about two years for its effectiveness in treating septic system effluents. The
system included three treatment cells: an anaerobic cell, an aerated cell, and a basic oxygen furnace
slag (BOFS)-based phosphorus (P) treatment cell. High removal efficiencies were achieved, with
reductions of >99% for PO4-P, >83% for NH3-N, >99% for cBOD5, and >76% for COD, with influent
concentrations averaging 6, 48, 63, and 143 mg L−1, respectively. Additionally, pathogens removal
were high, with an over 99% decrease in E. coli and total coliform levels. The BOFS cell was critical,
elevating effluent pH to 10.9 ± 1.5, which effectively inactivated pathogens. Environmental safety
before discharge was ensured by CO2(g) sparging to adjust the pH and a zero-valent iron layer in the
BOFS cell to control dissolved metal concentrations. Analytical techniques (FESEM-EDX, FTIR, and
XANES) confirmed the formation of Ca carbonate and Ca phosphate on spent BOFS, highlighting
their role in the treatment process. This study highlights the potential of integrating complementary
technologies in constructed wetlands for sustainable and efficient wastewater management.

Keywords: wastewater; constructed wetland; phosphorus treatment; basic oxygen furnace slag;
zero-valent iron; adsorption; precipitation; FTIR; XANES

1. Introduction

Domestic and municipal wastewater often contains elevated concentrations of dis-
solved nutrients, including phosphorus (P) and nitrogen (N) species. Although N and
P can be removed in wastewater treatment systems, elevated levels of these nutrients in
effluents contribute significantly to eutrophication in nearby aquatic environments, causing
algal blooms and ecological disturbances, a critical and widely acknowledged environmen-
tal issue [1–7]. Constructed wetland systems, particularly those utilizing horizontal and
vertical flow configurations, have been recognized for their effectiveness in removing a
wide range of wastewater pollutants [8–11]. The initial P removal from wastewater was
as high as 46% in constructed wetlands; however, subsequent declines in P removal were
observed for extended periods [12]. Compound-specific treatment strategies and suitable
P treatment media for constructed wetlands (CWs) have been explored in many studies,
e.g., [10,13,14].

Several studies have identified potential substrates that can be used in CWs to improve
the P removal efficiency [15–25]. The materials selected as substrates in CWs are based
on their high P adsorption capacities and the potential to precipitate phosphate-bearing
phases. Potential substrate materials include industrial byproducts such as electric arc
furnace (EAF) slag [26], shale [27], lightweight aggregates [17], and blast furnace steel
slags [28].

Basic oxygen furnace slag (BOFS), a waste by-product generated during steelmak-
ing [29,30], has been used as a reactive material for phosphate removal [14,20,31–34]. The
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chemical composition of BOFS differs depending on the raw materials used at the various
steel production sites [35]. The dominant phases (>10 wt.%) of BOFS are di-calcium silicate
(Ca2SiO4), tri-calcium silicate (Ca3SiO5), ferrous oxide (FeO), and Ca-Mg-Mn-Zn-ferrite.
The major oxides (~70–80 wt.%) of BOFS are CaO, Fe2O3, and SiO2; and the minor con-
stituents (20–30 wt.%) of the material are MgO, MnO, Al2O3, P2O5, TiO2, K2O, Na2O, and
Cr2O3 [32,36–43].

The effectiveness of BOFS in removing P through adsorption and coprecipitation
has been evaluated [20,31,34,44–46], and the attenuation of bacterial indicators through
microbial inactivation at high pH has been studied [20,41,47,48]. BOFS has been used as a
low-cost reactive material with the potential to remove P, As, and waterborne pathogens
from groundwater and wastewater [49–53]. The treatment efficiencies of arsenic, phosphate,
and pathogen indicators (e.g., E. coli) are often over 99% in BOFS, based on the laboratory
and field applications for treating wastewater [31,41,45,47,48].

Based on a laboratory experiment, ref. [31] suggested that hydraulic retention times of
at least 24 h in BOFS media may be required to ensure the maximum P removal efficiency.
BOFS was utilized as a substrate in the P removal cell in a multi-component pilot scale
(mean flow rate: 68 L d−1; hydraulic retention time, HRT: 6.3 days) wastewater treatment
system [20]. Excess alkalinity in effluents and the potential for metal leaching from BOFS
are concerns that need to be considered when implementing a BOFS treatment system.

The main objective of this study is to assess the effectiveness of a demonstration-scale
outdoor constructed wetland (CW) system that integrates BOFS and ZVI for treating septic
system effluent.

The specific objectives of this study involve evaluating the removal efficiencies of P,
N, COD, cBOD5, and pathogens (E. coli and total coliforms); examining the geochemical
processes and interactions in the CW system, focusing on the role of BOFS in P removal
through adsorption and precipitation mechanisms; and assessing the potential for metal
leaching from BOFS and the overall environmental safety of the treated effluent.

The hypotheses for this study are: (i) the constructed wetland system with BOFS
and ZVI will achieve high removal efficiencies for key contaminants, including P, N,
COD, cBOD5, and pathogens; (ii) the BOFS material will enhance P removal through the
formation of calcium phosphate phases, contributing to significant reductions in effluent
P concentrations; and (iii) the integration of ZVI and pH adjustment units will minimize
metal leaching and ensure the environmental safety of the treated effluent.

While BOFS has appeared to effectively remove P from wastewater, there is a lack of
long-term performance data, particularly regarding changes in efficiency over time and
under varying operational conditions. Additionally, there is limited information on the
characterization of reaction products and potential metal leaching associated with using
BOFS as a substrate in constructed wetlands. Addressing these gaps requires long-term field
experiments and comprehensive environmental assessments to ensure the sustainability
and effectiveness of BOFS in wastewater treatment systems.

This paper illustrates an outdoor CW system, incorporating a BOFS-ZVI cell and a pH
adjustment unit constructed to remove nutrients (P and N), cBOD5, COD, and pathogens.
The solid-phase outer layer of spent BOFS was investigated to determine the P removal
mechanism.

This research combines BOFS for P removal and pathogens inactivation through high
pH conditions, with a pH adjustment unit to ensure environmental safety. This approach
represents a sustainable and efficient method for decentralized wastewater treatment.

2. Materials and Methods
2.1. System Configuration

The constructed wetland (CW) system, located at the Center for Alternative Wastew-
ater Treatment, Fleming College, Lindsay, Ontario, Canada, has been comprehensively
analyzed for its ability to remove pharmaceuticals and artificial sweeteners [54]. This
system, with a daily capacity of about 5 m3, was actively monitored for around two years
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beginning in January 2010. It utilizes the same configuration described in [54], including a
sequence of treatment cells designed to process septic tank effluent. Critical components in-
clude a vegetated vertical subsurface flow aerated cell and a BOFS phosphate treatment cell
(Figure 1), which are fundamental for both studies [54]. A detailed description of the cells is
provided in Table 1. These components ensure effective nutrients and pathogens removal.

Table 1. Description of the treatment cells, including the cell volume, media volume, porosity, and
hydraulic retention time (adapted from [54]).

Cell ID Cell Type Cell Description
Cell
Volume
(m3)

Media
Volume
(m3)

Porosity
(θ)

Hydraulic
Retention
Time (HRT)
(Day)

Cell 1 Pre-treatment septic tank
effluent chamber

The influent of the
treatment system,
wastewater, was received
from this pre-treatment
septic tank and
periodically pumped to
Cell 2.

1 - - -

Cell 2
Subsurface flow
constructed wetland
(HSSF CW Cell)

Filled with granitic gravel
and vegetated with cattails
(Typha spp.).

24 19.4 0.35 7.64

Cell 3
Subsurface flow aerated
constructed wetland
(Aerated VSSF CW Cell)

Filled with granitic gravel
and vegetated with cattails
(Typha spp.).

24.2 19.3 0.35 7.61

Cell 4 Downward vertical flow
cell (BOFS Cell)

Filled with BOFS and ZVI
to remove phosphate.
BOFS media were covered
by a granitic gravel layer
and then a plastic tarp and
a sand layer to avoid
atmospheric oxygen
ingress. A sacrificial BOFS
chamber was placed before
cell four to prevent the
formation of a CaCO3 scale
around the Cell 4 inlet.

27.4 13.3 0.4 5.97

Cell 5 pH adjustment unit

Equipped with a CO2
sparger and an adjusted
pH between 6.5 and 8.5
before being released into
the City of Kawartha Lakes
sewer system.

2 - - -

Continuous flow measurements, occasionally disrupted by equipment clogs, verified
the consistent operation of the system. Final effluent was discharged to the City of the
Kawartha Lakes sewer system [54]. Detailed information on the physical and chemical
properties of BOFS and ZVI is provided by [54].
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Figure 1. Schematic diagram of the CW-BOFS demonstration-scale treatment system. Wastewater was
continuously flushed through the system by a combination of gravity feed and pumping (adapted
from [54]).

2.2. Characterization of the Reactive Material and Reaction Products

Basic oxygen furnace slag (BOFS) was collected from the US Steel Stelco Hilton Works
facility, Hamilton, ON, Canada. Zero-valent iron (ZVI) was obtained from Connelly GPM
(Chicago, IL, USA). The particle density of the BOFS and ZVI were determined using a
pycnometer (Air Comparison Beckman Model 930). The surface area was determined using
a surface area analyzer (Micromeritics Gemini® VII 2390 Series surface area analyzer and
associated MicroActive Reporting Software—BET Microporous, Norcross, GA, USA) with
three replicates for each sample.

The chemical and mineralogical compositions of the BOFS were determined using
X-ray fluorescence (XRF; MiniPal4, PANanalytical B.V., Almelo, The Netherlands) and
X-ray diffraction (XRD Rigaku D/MAX 2500 rotating anode powder diffractometer with
monochromatic CuKa radiation at 50 kV and 260 mA; Rigaku Corporation, Tokyo, Japan).
XRD measurements were conducted with 2θ angular range from 5 to 70◦, where the
step size and scan speed were 0.02◦ and 1◦/min. Phase identifications were made using
patterns from the International Center for Diffraction Data (ICDD) and the Inorganic
Crystal Structure Database (ICSD) and through the JADE software, version 9. Samples of
precipitates from Cell 4 effluent (accumulated at the bottom of the Cell 4 effluent collection
chamber, a small chamber integrated in cell 4) and Cell 5 (accumulated at the bottom of
the pH adjustment tank) were examined using a Leo 1530 field emission scanning electron
microscope (FE-SEM) with energy-dispersive X-ray (EDX) (Carl Zeiss AG, Oberkochen,
Germany) analysis with three different areas analyzed per sample.

An iron steelmaking slag standard from the Institute for Ferrous Metallurgy, Gliwice,
Poland, was used as the standard. The recovery of the standard for the XRF analysis
was between 80% and 120%; particularly, the recovery of CaO was 95% and the limit of
reporting (LOR) for CaO was 0.01%.

The detection limits of the XRD powder diffractometer for major elements (e.g., Si, Al,
Fe) were in the range of 0.1% to 1% by weight and trace elements between 1% and 10%
by weight.

The EDX system attached to the Leo is an Oxford AZtec. It fits the EDX spectra with
an Oxford standardless fit. It is not calibrated by the user, although the laboratory checks
the copper peak position annually. The detection limits of SEM-EDX were ~1%, although
it is poorer for lighter elements. EDX depends on having a “line-of-sight” to the detector.
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This can be a problem with rough samples, or inside cracks and holes. Quantifying EDX
data accurately assumes that the sample is flat and is at a fixed angle to the detector. It is
also assumed that the sample is lying flat on the SEM stub. However, if the sample is not
perfectly flat, it is possible to get qualitative EDX data.

The spent media samples were collected from nine sampling locations in Cell 4 for
solid-phase analysis. At each location, samples were collected at 8–10 cm vertical intervals
from the surface of the reactive material (Profiles 1–9, Figure S1). Accumulated materials
(adsorbed or precipitated) on the spent BOFS were analyzed using FTIR and XANES. The
FTIR spectra were collected from the top-most samples from all nine sampling profiles
using a Bruker Tensor 27 infrared spectrometer with three replicates per sample.

Phosphorus K absorption edge data were recorded using the Soft X-ray Micro-characterization
Beam line (SXRMB; 06B1-1) on samples collected from Cell 4 including a sample from the
influent zone (Profile 3, sample 1) and a sample from the effluent zone (Profile 8, sample 1) at
the Canadian Light Source, Saskatoon, Canada, using the 2.9 GeV storage ring, with two to
three replicates per sample. XANES spectra were processed and analyzed using the Athena
(version 0.8.56) data processing package [55]. Linear combination (LC) fitting was used to
compare the spectra from spent BOFS and the reference materials based on the goodness
of fit criteria. Detailed methods for collection and interpretation of FTIR and XANES are
described in the Supplementary Materials. Reference materials, including hydroxyapatite
(HAP-S), tricalcium phosphate (α-TCP & β-TCP), calcium phosphate dihydrate (CPD),
calcium phosphate dihydrate dibasic (CPDD), and iron phosphate (FeP) used for FTIR and
XANES analysis were obtained from Sigma Aldrich, Canada. In addition, hydroxyapatite
(HAP-WM) was synthesized in the laboratory following a liquid mix technique described
in [56] and used as reference material.

Phosphate sorbed on calcite (labelled PSC) reference materials were synthesized in the
laboratory and characterized by FTIR and SEM-EDX. The quantity of phosphate in the PSC
was estimated from the initial and final concentrations of P in the solution.

The spent BOFS samples and the reference materials were examined using a Leo 1530
field emission scanning electron microscope (FESEM) with energy-dispersive X-ray (EDX)
analysis, with three to five different areas analyzed per sample, and analyzed by Fourier
transform infrared spectroscopy (FTIR) with three replicates per sample.

X-ray photoelectron spectroscopic (XPS) analyses were performed using a Kratos Axis
Ultra spectrometer, operated with a monochromatic Al K(α) source (15 mA, 14 kV). The
XPS data processing software CasaXPS (version 2.3.14) was used to analyze the spectra.

2.3. Sample Collection and Analysis

Measurements of pH and Eh were made on unfiltered samples immediately after
collection using combination electrodes (Thermo Scientific Orion ROSS pH electrode and
Thermo Scientific Orion Eh electrode; Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Consistent with the methods outlined in [20], water samples, including field and
trip blanks, were collected to analyze cations, anions, PO4-P, NH4-N, COD, CBOD5, and
total coliform and Escherichia coli (E. coli). Cation and anion samples were filtered through a
0.45 µm membranes; cation samples were preserved with 16N HNO3 to pH < 2 after being
filtered; both were stored at 4 ◦C and until analysis within 28 days of collection. PO4-P,
NH3-N, cBOD5, and COD samples were acidified with 18N H2SO4 and stored at 4 ◦C.
PO4-P and NH3-N samples were filtered through 0.45 µm membranes before acidifying and
analyzed within 28 days after collection. PO4-P samples were analyzed with 7 days. COD
samples were analyzed within 3 days and cBOD5 samples were analyzed immediately
after the samples were collected. The total coliform and Escherichia coli (E. coli) samples
were stored at 4 ◦C and analyzed within 24 h after collection. The average minimum and
maximum air temperatures were −4.0 and 17.6 ◦C, and the influent sample temperatures
were between 4.3 and 14.2 ◦C.

Phosphate (PO4-P) analyses were conducted using the ascorbic acid method, HACH
Method 8048 based on SM 4500 P E [57]). K2HPO4 standard (Sigma-Aldrich. Potassium
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phosphate dibasic, CAS No.: 7758-11-4) was used for the preparation of standards to create
the standard curve for the analysis. The detection limit for P analysis is 0.005 mg L−1.

Anions were analyzed by Dionex Ion Chromatograph model DX120, and anion AS50
analytical column(Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Inorganic
Ventures. “7 Anion Calibration Standard (125 mL).” Inorganic Ventures, n.d. Web. 29 July
2024 [58] was used for calibration. The method detection limit (MDL) for all anions was
0.01 mg L−1. Major cations were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES; Thermo Instruments iCAP 6500 Duo; Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and ICP-OES standard, Inorganic Ventures. “26 Element
ICP Calibration/Quality Control Standard.” Inorganic Ventures, n.d. Web. 29 July 2024 [59]
was used for calibration. The MDL for Ca, mg, and Na was 0.2 mg L−1 and for K it was
0.1 mg L−1. Continuing calibration verification (CCV) recoveries were between 101 and
104%; quality control standards (QCS) were between 98 and 102%.

The trace element concentrations obtained by inductively coupled plasma mass spec-
trometry (ICP-MS; Thermo Instruments XSeries 2; Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and ICP-MS standard, Inorganic Ventures. “10 ppm 43 Element ICP
Calibration/Quality Control Standard.” Inorganic Ventures, n.d. Web. 29 July 2024 [60]
was used for calibration. The MDL varies among the elements (MDL for trace metals was
between 0.2 and 0.006 µg L−1). Continuing calibration verification (CCV) recoveries were
between 93 and 106%; quality control standards (QCS) were between 98 and 108%. The
carbonaceous biochemical oxygen demand (cBOD5) was measured following the standard
method “SM 5210 B” [53]. Chemical oxygen demand (COD) was determined using the
standard method “SM 8000′’ [53]. Dissolved oxygen was measured using a YSI 5100 Dis-
solved Oxygen Meter (YSI Incorporated, Yellow Springs, OH, USA). NH3-N analysis was
performed following the salicylate (colorimetric) method [61].

The most probable number counts for coliform and E. coli were determined using
a 96-well titer plate method (ColiplateTM). All analyses were conducted at the CAWT
Laboratory, Fleming College and the Environmental Geochemistry Laboratory, University
of Waterloo. A subset of samples was analyzed for cations and trace metals at SGS Lakefield
Research Limited for QA/QC purposes.

2.4. Geochemical Modeling

The geochemical modeling code PHREEQC Interactive was used to calculate the satu-
ration indices (SIs) for CaP phases (e.g., hydroxyapatite) and other mineral phases relevant
to the treatment system [62]. The WATEQ4F database was used for these calculations. Solu-
bility product values for brushite, monetite, octacalciumphosphate, β-tricalciumphosphate,
and variscite (Table S1) were added to the database using published solubility constants [31].
Saturation indices were calculated for four sampling events at the effluent of Cells 1, 2, 3,
and 4.

2.5. Statistical Analysis

The Kruskal–Wallis One Way Analysis of Variance on Ranks indicates statistically
significant differences in the median values of various water quality parameters and
contaminants among the treatment cells (p < 0.001). To isolate the group or groups that
differ from the others, a multiple comparison procedure was used.

3. Results and Discussion

The water chemistry data presented in [54] are included for the duration when the
PhACs and artificial sweetener samples were collected; however, this article includes the full
length of the experiment. Thus, there are some differences in the overall water chemistry.

3.1. Characteristics of the Reactive Materials

The BOFS particle size ranged from <0.5 to 8 mm. Among the BOFS fractions, the
finest fraction represented the highest mass-weighted surface area, as indicated in Table S2.



Water 2024, 16, 2198 7 of 23

The particle density of the BOFS was 3.43 g cm−3. The XRF analysis of the BOFS indicated
the presence of 33.8% CaO, 24.3% Fe2O3, 11.3% SiO2, 9.6% MgO, 4.1% MnO, and 7.4%
Al2O3 (Table S2). The XRD analysis confirmed the presence of wuestite (FeO), lime (CaO),
larnite (Ca(SiO4)), srebrodolskite (Ca2Fe2O5), anhydrite (CaSO4), and possibly portlandite
(Ca(OH)2). However, it should be noted that only one of the analyzed samples contained
both lime and anhydrite. The XRD analysis also detected the presence of corundum
(Al2O3), which likely originated from the mortar and pestle used during sample preparation
(Table S2). The particle size, surface area, and density of the zero-valent iron (ZVI) were 8
to 50 mesh (0.297–2.38 mm), 4.4 m2 g−1, and 6.7 g cm−3 (Table S3).

3.2. Flow Characteristics

The flow rate was highly variable throughout the study period due to variations in the
size of student population at the college. The average flow rate was 0.89 m3 day−1 and the
flow rate varied between 0.02 and 4.3 m3 day−1 (σ = 625, Figure S2). The mean hydraulic
retention time was 7.6 (minimum HRT of 1.59 days) in Cells 2 and 3, and 6.0 (minimum
HRT of 1.24 days) days in Cell 4. Although no significant change in flow rate was observed
during the experimental period, it should be noted that a decrease in flow rate is expected
in cases of prolonged operation without proper maintenance.

3.3. pH and Alkalinity

The mean pH values of the effluents from Cells 1, 2, 3, and 4 were 7.61, 7.81, 7.94, and
11.4, respectively (Table S4). A gradual increase in pH was observed in the effluents of Cells
2 and 3, which is attributed to CO2 respiration through plant roots in Cell 2 and aeration in
Cell 3 (Figure 2). The effluent from Cell 4 consistently exhibited pH levels above 9.4, with
a pH range of 10.9 ± 1.47 throughout the experiment. The mean alkalinity values in the
effluents of Cells 1, 2, 3, and 4 were 550, 505, 237, and 738 mg L−1 as CaCO3, respectively
(Table S4). Initially, the alkalinity values in the effluent from Cell 4 were notably high (up
to 2360 mg L−1 as CaCO3), which can be attributed to the dissolution of CaO and Ca(OH)2
from the outer layers of the BOFS. Over time, the alkalinity values gradually decreased in
Cell 4 effluent as the CaO and Ca(OH)2 phases became depleted. However, the pH values
did not exhibit significant changes over time, likely because the hydraulic retention time
(~5 days) was sufficient to dissolve the calcium phases from the BOFS.

The high-pH effluent from Cell 4 was neutralized in Cell 5, the pH adjustment tank, by
sparging it with CO2. A significant volume of white precipitate accumulated at the bottom
of the pH neutralization chamber. The accumulation of these precipitates during neutraliza-
tion was expected because of the high average electrical conductivity (4052 µS cm−1) and
total suspended solid (TSS) concentration (252 mg L−1) in the Cell 4 effluent compared to
the effluent from the other cells (Figure 2). FTIR analysis suggested that these precipitates
mainly consisted of CaCO3 (Table S5). The formation of carbonate minerals was minimized
by maintaining a pH between 6.5 and 7 through CO2 sparging. The rate of CO2 addition
required to neutralize the effluent pH was determined based on the difference between the
measured concentration of OH− in the effluent of Cell 4 and the desired OH− concentration.
Typically, 10−2 moles of CO2 are required to reduce the pH from 12 to 7.5 per L effluent.
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3.4. Phosphorus Removal 

Figure 2. Box plots of pH values, Eh, alkalinity, conductivity, TSS, DO, cBOD5, COD, PO4-P, SO4,
NH3-N, NO3-N, NO2-N, NH3-N/NT, and NO3-N/NT versus distance (Cells 1–4) along the treatment
flow path. Dotted lines represent the Ontario Provincial Water Quality Objective (PWQO). Boxes
represent 50% of the data (between the first and third quartiles). Horizontal solid lines and broken
lines on the boxes represent median and mean concentrations. Bars extend from the box to the
highest/lowest value within 1.5 × inter-quartile range (IQR). Points (outliers) are values > 1.5 ×
IQR. Top- and bottom-most dots represent maximum observation above upper fence and minimum
observation below lower fence.

3.4. Phosphorus Removal

Mean PO4-P (P) concentrations in the effluent from Cells 1, 2, 3, and 4 were 6.32, 6.74,
3.86, and 0.33 mg L−1, respectively (Figure 2). The removal efficiency of P in Cells 2, 3, and
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4 was 4%, 20%, and 99%, respectively (Figure 2). Thus, the overall P removal efficiency of
the treatment system is ~99%. The removal efficiency of P in Cell 3 (aerated CW cell) was
40%. Similar efficiencies (40–60%) have been reported for other aerated CW systems [12,63].
The extent of P removal was greatest (99%) in Cell 4. Furthermore, the P removal efficiency
in Cell 4 was approximately 99% with respect to the effluent of Cell 3. The concentrations
of PO4-P in the effluent of Cell 5 were greater than those in the effluent of Cell 4 (Figure S3).
Phosphorus mass retention was higher in Cell 4 (~94%) compared to Cell 2 (1.3%) and
Cell 3 (27%) during the experiment (Figure S2, Table S6). The influent and effluent PO4-P
concentrations were not affected by the seasonal variations. However, the influent PO4-P
concentration increased in the Fall terms when the student population was higher than the
rest of the year.

The average TP concentration is 1.13 mg L−1 (with two outliers included in the
calculation), which exceeded the water quality objectives of 1 mgL−1 [64] (a detailed
description is provided in the Supplementary Information). However, the average TP is
0.9 mg L−1 without the outliers (out of 29 data points). There was a sharp decreasing trend
observed after the outliers, indicating that the TP removal efficiency was not diminishing.

Adsorption, precipitation, and plant uptake are the primary mechanisms of P removal
in constructed wetlands, which are facilitated by the presence of essential elements like Fe
and Al hydrous oxides, Ca, and Mg [65]. The adsorption of inorganic P on the hydrous
oxides of Fe and Al is favored in acidic environments; however, alkaline conditions are
suitable for the precipitation of calcium phosphate phases [66]. The low removal efficiency
of P in Cell 3 was probably due to the low abundance of Ca, Fe, and Al in the granitic gravel
because these metals are commonly involved in the formation of P-bearing phases [12]. In
contrast, the presence of significant quantities of Ca, Fe, Al, and Mg oxides (Table S2) in the
BOFS enhanced the removal of P in Cell 4.

The precipitation of Al phosphate and Fe phosphate phases is favored in near-neutral
to acidic conditions [67]. In contrast, Ca-rich alkaline conditions (pH > 9) favor the forma-
tion of calcium phosphate phases (e.g., hydroxyapatite) [31,32]. In BOFS-based treatment
systems, the precipitation of calcium phosphate phases (i.e., hydroxyapatite) is found to be
the most important P removal mechanism [31,32]. However, the formation of hydroxyap-
atite can be inhibited by high concentrations of dissolved Mg [37].

Under high pH conditions (pH > 9), due to the presence of CaO in the BOFS, HPO4
2−

and PO4
3− are the dominant phosphate species [67]. Although the adsorption of these

phosphate species is anticipated to be less significant at a high pH (pH > 9), the presence
of several metal oxides in BOFS with a high pH of zero point of charge (pHZPC) values
including 11.2% MgO (with pHZPC of 12.4 [68]), CaCO3 (pHZPC > 8.5 [69]), and 3.4% Al2O3
(pHZPC = 9.1 [68]) allow for modest phosphate adsorption on these metal oxides.

The influent water was consistently undersaturated with respect to brushite, monetite,
and vivianite in all sampling events (Figure S4). It was also undersaturated with respect to
variscite in all sampling events, except for that on 3 June 2010. Conversely, it was supersat-
urated with respect to octacalciumphosphate, β-tricalciumphosphate, MnHPO4, calcite,
aragonite, gibbsite, goethite, ferrihydrite, hydroxyapatite, and strengite in all sampling
events, except for 3 June 2010. Very low phosphate concentrations in the Cell 4 effluent and
the supersaturation of the pore water with respect to calcium phosphate phases, including
hydroxyapatite, one of the major P-bearing phases in Ca- and P-rich environments with
lowest thermodynamic solubility product and high saturation indices [32,66,70,71], suggest
that the precipitation of calcium phosphate phases is a likely mechanism for P retention in
the BOFS media.

3.4.1. Fourier Transform Infrared Spectroscopy

FTIR spectra were collected for the outer layer materials of the spent media from the
top 5 cm of the nine sampling locations in Cell 4. All spectra showed pronounced carbonate
and phosphate bands. Table 2 summarizes the FTIR spectral data for the carbonate and
phosphate bands observed in the samples. The sharp carbonate bands and their overtones
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suggest that calcite was one of the predominant minerals in the outer layer materials
accumulated on the spent reactive materials. An example spectrum plotted with labeled
carbonate vibrational bands for calcite and aragonite is shown in Figure S5. A broad
phosphate ν3 band was observed in the range of 1030–1039 cm−1. Additionally, several
phosphate ν4 bands were identified (Table 2). There was also a phosphate ν2 band noted
between 450 and 461 cm−1 and at 475 cm−1. However, none of these spectra showed
any signature of the phosphate ν1 band (Table S5). Although the phosphate ν3 and ν2
bands were well defined, most of the phosphate ν4 bands were weak to very weak. The
FTIR spectra were analyzed and compared with reference materials, including HAP-S
and β-TCP (Figure S5). The wavenumbers of the phosphate vibrational bands obtained
from the reference materials were similar to the HAP and β-TCP reported in previous
studies [37,56,72–78]. The phosphate vibrational bands of β-TCP showed a better match
with the samples compared to HAP-S. However, due to the relatively low concentration
of P compared to calcium in the samples, and the absence of appropriate conditions
(e.g., high temperature, ~1000 ◦C required for the crystallization of HAP and β-TCP), the
wavenumbers may not align precisely with those of crystalline reference materials during
the formation of CaPO4.

Table 2. FTIR spectral data of carbonate and phosphate bands.

Band Type Wavenumber (cm−1) Description References

Carbonate ν4 712–713 Sharp carbonate band

[79–82]Carbonate ν2 872–874 Sharp carbonate band

Carbonate ν3 1422–1426 Broad distinct
carbonate band

Carbonate ν1 + ν4 1797–1800 Combination band [79,80,82]

Carbonate ν1 + ν3 2514–2515 Combination band [80]

Carbonate 2 ν2 + ν4 2514–2515 Combination band [82]

Carbonate overtones 2874–2876, 2980–2982 Weaker carbonate
overtones [82]

Phosphate ν3 1030–1039 Broad phosphate
band

[37,56,70–73,76–78]
Phosphate ν4

632–635, 602–608,
595–597, 583–588,
567–575

Several weak to very
weak phosphate
bands

Phosphate ν2 450–461, 475 Phosphate band

3.4.2. XANES Spectroscopy

XANES spectra were collected for samples P2-S1, P2-S2, and P8-S1 from the upper
influent and effluent part of Cell 4 (Figure 3). The XANES spectra show the presence of
phosphate (oxidation state +5)-bearing phases by comparing the primary fluorescence
peak positions. The primary peak positions reported for the reference phosphate species
are approximately 2149 eV [83,84], 2150 eV [85,86], 2151 eV [87], and 2158.5 eV [88]. This
primary peak is also referred to as the absorption edge or white line in the XANES spec-
tra [86,87], and is based on the charge, electronegativity, and interatomic distance of the
coordinating cation. The white line may vary between ±0.5 eV [89]. The pre- and post-edge
spectral features that are characteristic of various phosphate phases, including Ca-, Fe-,
and Al-phosphates, have been described in previous studies [83–85,90–92].
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Figure 3. (i) XANES spectra for reference materials, PO4 sorbed on CaCO3 (PSC [88]), and samples
P2-S1, P2-S2, and P8-S1. Vertical lines represent various spectral features: (a) pre-edge feature for
FeP; (b) absorption edge (white line) for CaP species; (c) shoulder (sharpness dependent on the
degree of crystallinity; (d) spectral feature common in HAP; (e) oxygen oscillation. (ii) Ca K-edge
XANES spectra for reference materials and samples. Vertical lines represent various spectral features:
pre-edge feature (a), pre-edge shoulder (b), white line (c), post-edge shoulder (d), sharp post-edge
features (e,f), and broad post-edge feature (g).

The energy range of the P K-edge of the CaP reference materials analyzed in this
study was between 2151.5 and 2151.7 eV. A well-defined post-edge shoulder (~2154.7 eV)
and two other features (~2162.5 eV and ~2169.0 eV) were observed in the spectra. The
iron phosphate reference material, iron (III) phosphate, exhibited a white line at a higher
energy (2152.2 eV) and displayed a unique pre-edge feature at 2148.5 eV. The position of
this pre-edge feature is consistent with the results of previous studies [83–85,90–93].

The calcium phosphate phases all exhibited a shoulder at ~2154.7 eV (Figure 3i(c))
and a distinct feature at ~2162.5 eV (Figure 3i(d)). Although other studies have reported
different energies for these features, their relative positions with respect to the white lines
were within the same range [84,88]. Another feature at ~2169 eV was observed at a similar
position relative to the white line, which was attributed to oxygen oscillation by [84,88].

XANES spectra of the calcium phosphate reference materials and the spent BOFS
samples are compared in a combined plot (Figure 3i). Phosphate sorbed on calcite (PSC)
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was synthesized in the laboratory and used as a reference material in this study. The
XANES spectrum of this PSC sample closely resembled the PSC spectrum presented in
previous studies [20,88,94]. The absorption edges of all spectra collected for the samples
from Cell 4 were between 2151.5 and 2151.7 eV. This edge position was similar to that
observed for the Ca-PO4 reference materials. The samples obtained from Cell 4 also showed
post-edge features, including a shoulder at 2154.7 eV, a Ca-PO4 peak at 2162.5 eV, and
an oxygen oscillation peak at 2169.0 eV. Although their relative positions were similar
to those observed in the reference materials, these features were not as distinct as those
observed in the reference materials. The sharpness of spectral features is proportional to
the degree of crystallinity [84,88]. The XANES spectra showed small differences between
the samples, suggesting minor differences in the composition or structure. No pre-edge
features were observed in the XANES spectra of the samples, indicating the absence of iron
phosphate phases.

In the linear combination (LC) fitting of calcium phosphate (Ca-PO4) reference materi-
als to the sample spectra, iron phosphate (Fe-PO4) was excluded due to the absence of the
distinctive pre-edge feature in the samples. The linear combination (LC) fitting of P-XANES
spectroscopy on spent BOFS samples highlighted the dominant influence of Phosphate
Sorbed on Calcite (PSC 1%) in the examination of phosphate forms (Figure 4; Table S7).
For sample P3-S1, LC fits showed a nearly exclusive presence of PSC 1%, with minor
contributions from calcium phosphate dihydrate (CPD) and dihydrate dibasic (CPDD)
along with β-tricalcium phosphate (β-TCP), yielding low chi-square (χ2) values of 0.38. In
sample P4-S1, a notable composition of 81.5% PSC 1% and 18.5% α-tricalcium phosphate
(α-TCP) was observed, with slightly higher χ2 values indicating more complex phosphate
interactions. Sample P6-S1 demonstrated a dominant fit of PSC 1% and β-TCP, showing a
low χ2 of 0.33. Similarly, for sample P8-S1, the combination of hydroxyapatite (HAP), PSC
1%, and β-TCP resulted in a χ2 of 1.65, also indicating significant contributions of PSC 1%
and β-TCP. These results emphasize typical spectral discrepancies observed in the literature,
as highlighted by higher χ2 values for sample P8-S2, which is consistent with previous
findings [86]. However, this analysis supports the contribution of PSC 1% in the spectral
characteristics of the sample. These results affirm that sorption is the most significant
mechanism influencing the phosphate-binding dynamics in BOFS, emphasizing its utility
in understanding phosphate interactions in environmental and treatment contexts.

In the analysis of Ca-XANES spectra, all samples and reference materials displayed
a small pre-edge feature at approximately 4039.5 eV and a consistent Ca K-edge around
4046.8 eV, aligning with previous findings (Figure 3ii). Notably, the spent BOFS samples
showed a pre-edge shoulder at 4043.0 eV, a post-edge shoulder at 4059.0 eV, and sharp
post-edge features at 4070.4 and 4079.0 eV. Similar spectral characteristics were observed
in PSC 0.004%, 1%, and 8% samples, particularly a broad post-edge shoulder at 4059.0 eV
comparable to that of calcite, and another distinctive post-edge peak at 4094.0 eV that
matched with PSC and calcite references. Additional post-edge peaks in other materials
ranged from 4091.0 to 4094.2 eV.

The linear combination fitting of Ca-XANES spectra for spent BOFS samples high-
lighted the significant influence of PSC 1% in spectral matching (Figure 4, Table S8). For
sample P3-S1, an optimal fit was achieved with a χ2 value of 0.07 using a combination of
PSC 1% and α-TCP. Samples P4-S1 and P6-S1 showed best fits with combinations of PSC
1% and CPDD, both achieving lower χ2 values of 0.05 and 0.04, respectively. For P8-S1,
the combination of PSC 1%, CPDD, and β-TCP resulted in a χ2 of 0.05, reconfirming the
importance of PSC 1% in phosphate binding within the BOFS matrix.
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Figure 4. (a) Linear combination fit results for spent BOFS samples P3-S1 and P4-S1 for P-XANES and
Ca-XANES. (b) Linear combination fit results for spent BOFS samples P6-S1 and P8-S1 for P-XANES
and Ca-XANES.
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3.5. Ammonia and Nitrate

The mean concentrations of NH3-N in Cell 1, 2, 3, and 4 effluents were 48, 38, 3.6, and
8.3 mg L−1, respectively, while the concentrations of NO3-N in Cell 1, 2, 3, and 4 effluents
were 3.3, 2.2, 42, and 35 mg L−1, respectively. There were sharp differences observed
in NH3-N and NO3-N concentrations between effluents from Cells 2 and 3 during the
experiment (Table S4). The removal efficiencies of NH3-N in Cells 2, 3, and 4 were 19, 90,
and -128%, respectively. Although Cell 4 contributed ~128% of NH3-N with respect to the
Cell 3 effluent, the overall removal efficiency of the treatment system was ~83%.

The mean NO3-N concentration decreased in Cell 2 by 35% and then increased sharply
in Cell 3 (~19 times higher than the concentrations in the Cell 2 effluent). Finally, the NO3-N
concentration decreased by 17% in Cell 4 with respect to the Cell 3 effluent (Figure 2).
These sharp changes in NH3-N and NO3-N concentrations from Cells 2 to 3, which were
also reflected by the high NO3-N to NH4-N ratio (between 1.6 and 5455) in Cell 3, can be
attributed to the microbially mediated oxidation of NH3-N to NO3-N. Nitrification was
enhanced by the continuous supply of O2 through the forced aeration system, as evidenced
by the high dissolved oxygen (DO) concentrations in these cells (Figure 2, Table S4). Similar
degrees of nitrification have been observed in other CW systems [95,96].

The ZVI layer at the bottom of Cell 4 may have played an important role in increasing
the ammonia concentration in the effluent of Cell 4. The reduction in nitrate and nitrite by
ZVI and the release of NH3 have been reported in previous studies [97,98]. A very small
positive change in mass (2% N mass loss) was observed in this treatment system (Table S9).
There is no specific water quality objective for NH3-N. The explanation of the water quality
objectives is provided in the Supplementary Materials.

3.6. Carbonaceous Biochemical Oxygen Demand (cBOD5) and Chemical Oxygen Demand (COD)

Significant reductions in both cBOD5 and COD were observed in the treatment system,
as detailed in Table S10. Initial concentrations in Cell 1 were followed by a progressive
decrease through the treatment process. The removal efficiencies for cBOD5 in Cells 2, 3, and
4 were 58%, 71%, and 89%, respectively, with an overall system efficiency exceeding 99%.
The removal efficiency in Cell 3 was 71%, reflecting an increase of approximately 23% from
the removal efficiency observed in Cell 2, which is somewhat lower than the previously
reported values [99]. The high cBOD5 removal efficiency in Cell 3 demonstrates aerobic
degradation as the primary mechanism for organic matter removal, a finding consistent
with previous studies [100,101]. The significant increase in NO3-N levels and concurrent
decrease in NH3-N within this cell further suggest that the elevated NO3-N concentrations
are due to the aerobic oxidation of NH3-N. Moreover, the variations in cBOD5 removal
across the cells illustrate the impact of different treatment conditions, particularly the
highly alkaline environment in Cell 4, which likely contributes to the further breakdown of
residual organic material.

The mean initial COD concentrations in Cells 1, 2, 3, and 4 were 143, 72, 28, and
34 mg L−1, respectively. This change represents a progressive decrease in COD through
the treatment Cells 1–3, with removal efficiencies in Cells 2 and 3 of 50% and 61% relative
to Cell 1. Although an increase in COD by 20% was observed in Cell 4 compared to Cell 3,
the overall COD removal efficiency of the treatment system was ~76%. Similar to COD, the
aerobic degradation of cBOD5 is the main mechanism of cBOD5 removal in Cell 3, which
is consistent with [102]. The fluctuation in both cBOD5 and COD levels throughout the
treatment process can be attributed to variations in flow, which were influenced by changes
in the student population (Tables S10 and S11).

3.7. Major Ion Chemistry

Consistent trends were observed in major ion concentrations throughout the study.
The mean Ca concentration was 101 mg L−1 in the Cell 1 effluent, which remained at
101 mg L−1 in Cell 2 and rose to 105 mg L−1 in Cell 3. In Cell 4, a significant spike in Ca
concentration to 193 mg L−1 was initially observed, likely due to the dissolution of CaO
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and Ca(OH)2. Over time, as continuous flushing occurred, the concentrations notably
decreased, stabilizing at lower levels (Figure S6). In Cell 5, where CO2 sparging occurred,
there was a marked decrease in Ca concentrations, likely as a result of CaCO3 precipitation
(Figure S6). Sodium concentrations were fairly constant, initially 131 mg L−1 in Cell 1
and gradually decreasing across the treatment cells to 119 mg L−1 in Cell 4, reflecting the
conservative nature of Na (Figure S6). Magnesium concentrations showed a decrease from
12 mg L−1 in Cell 1 to 11 mg L−1 in Cell 2, an increase to 14 mg L−1 in Cell 3, and a sharp
decline to 4.3 mg L−1 in Cell 4, possibly due to Mg incorporation into CaCO3 precipitates
(Figure S6). Sulfate (SO4

2−) concentrations fluctuated; they started at 42.3 mg L−1 in Cell
1, then decreased by 20% to 33.9 mg L−1 in Cell 2, increased by 35% to 45.6 mg L−1 in
Cell 3, and then decreased by 33% to 30.5 mg L−1 in Cell 4. The reducing conditions in
Cell 4, indicated by low Eh values (Figure 2), were conducive to sulfate reduction and the
precipitation of metal sulfides. Chloride concentrations remained stable with only a 5%
variation throughout the cells, maintaining conservative behavior in the treatment system
(Figure S6 and Table S4).

3.8. Trace Metals

The concentrations of dissolved trace metals such as Zn, Fe, Mn, Cr, Ni, and Pb
remained predominantly below the water quality guidelines for Ontario (Figure 5, [103]),
with only a few exceptions noted in the initial stages. The mean Al concentrations in
the effluents from Cells 1, 2, 3, and 4 were 17.1, 24.0, 28.4, and 32.3 µg L−1, respectively.
The concentration of Al exhibited a gradual increase along the flow path but decreased
significantly in Cell 5 as the cell pH was adjusted to near-neutral levels (Figure S3, [66]),
reflecting the typical decrease in Al solubility at lower pH values.

Water 2024, 16, x FOR PEER REVIEW 16 of 24 
 

 

with only a few exceptions noted in the initial stages. The mean Al concentrations in the 

effluents from Cells 1, 2, 3, and 4 were 17.1, 24.0, 28.4, and 32.3 µg L−1, respectively. The 

concentration of Al exhibited a gradual increase along the flow path but decreased signif-

icantly in Cell 5 as the cell pH was adjusted to near-neutral levels (Figure S3, [66]), reflect-

ing the typical decrease in Al solubility at lower pH values. 

M
n
 (

µ
g
 L

-1
)

0

50

100

150

V
 (

µ
g
 L

-1
)

0

5

10

15

Z
n

 (
µ

g
 L

-1
)

0

25

50

75

100

C
r 

( µ
g
 L

-1
)

0

5

10

15

A
l 
( µ

g
 L

-1
)

0

25

50

75

100

125

F
e

 (
µ

g
 L

-1
)

0

100

200

300

400

Cell

P
b
 (

µ
g
 L

-1
)

0

5

10

15

20

25

Cell

C
u
 (

µ
g
 L

-1
)

0

50

100

150

200

Cell

N
i 
(µ

g
 L

-1
)

0

25

50

1 2 3 4 1 2 3 4 1 2 3 4

 

Figure 5. Box plots of V, Al, Cu, Zn, Fe, Ni, Mn, Cr, and Pb concentrations versus distance (Cells 1–

4) along the flow path. Dotted lines represent the Ontario Provincial Water Quality Objective 

(PWQO). Horizontal solid lines and broken lines on the boxes represent median and mean concen-

trations. Top- and bottom-most dots represent maximum observation above upper fence and mini-

mum observation below lower fence. 

The release of V from BOFS has been observed previously [104], and the observed 

increase in V was probably derived from BOFS. The V concentrations in the effluents from 

Cells 1 and 3 were relatively low (<1.5 µg L−1) and then increased to 5.2 µg L−1 in the efflu-

ent from Cell 4, before decreasing again to 2.8 µg L−1 in the Cell 5 effluent (Figure S5). This 

pattern of fluctuation in V concentrations can be attributed to the release of V from BOFS, 

particularly noted during the initial stages of the experiment where V concentrations in 

the effluent of Cell 3 reached as high as 13.76 µg L−1. The high concentrations of V were 

likely due to the presence of a small sacrificial container filled with BOFS positioned just 

below the effluent pipe of Cell 3. As the experiment progressed, the release of V decreased, 

and the concentrations in the effluent from Cell 4 were lower than expected (1.36 µg L−1), 

suggesting the influence of the ZVI layer at the base of Cell 4 in reducing vanadate (VO43-

) and facilitating its precipitation or adsorption. However, this increase was less than that 

observed in previous studies [35]. 

Copper concentrations varied across the cells, with the effluent from Cell 1 showing 

the highest levels of up to 59.9 µg L−1, which exceeds the Ontario water quality guidelines 

of 1 µg L−1 [103]. The mean Cu concentrations in the effluents from Cells 1, 2, 3, and 4 were 

26.9, 14.4, 17.6, and 24.8 µg L−1, respectively. Despite these fluctuations, the average con-

centration of Cu in the Cell 4 effluent reached a maximum of 72.5 µg L−1, but remained 

below the peak levels observed in Cell 1, indicating the partial removal of Cu by the CW 

system (Figure 5). 
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along the flow path. Dotted lines represent the Ontario Provincial Water Quality Objective (PWQO).
Horizontal solid lines and broken lines on the boxes represent median and mean concentrations. Top-
and bottom-most dots represent maximum observation above upper fence and minimum observation
below lower fence.

The release of V from BOFS has been observed previously [104], and the observed
increase in V was probably derived from BOFS. The V concentrations in the effluents from
Cells 1 and 3 were relatively low (<1.5 µg L−1) and then increased to 5.2 µg L−1 in the



Water 2024, 16, 2198 16 of 23

effluent from Cell 4, before decreasing again to 2.8 µg L−1 in the Cell 5 effluent (Figure S5).
This pattern of fluctuation in V concentrations can be attributed to the release of V from
BOFS, particularly noted during the initial stages of the experiment where V concentrations
in the effluent of Cell 3 reached as high as 13.76 µg L−1. The high concentrations of V were
likely due to the presence of a small sacrificial container filled with BOFS positioned just
below the effluent pipe of Cell 3. As the experiment progressed, the release of V decreased,
and the concentrations in the effluent from Cell 4 were lower than expected (1.36 µg L−1),
suggesting the influence of the ZVI layer at the base of Cell 4 in reducing vanadate (VO4

3−)
and facilitating its precipitation or adsorption. However, this increase was less than that
observed in previous studies [35].

Copper concentrations varied across the cells, with the effluent from Cell 1 showing
the highest levels of up to 59.9 µg L−1, which exceeds the Ontario water quality guidelines
of 1 µg L−1 [103]. The mean Cu concentrations in the effluents from Cells 1, 2, 3, and 4
were 26.9, 14.4, 17.6, and 24.8 µg L−1, respectively. Despite these fluctuations, the average
concentration of Cu in the Cell 4 effluent reached a maximum of 72.5 µg L−1, but remained
below the peak levels observed in Cell 1, indicating the partial removal of Cu by the CW
system (Figure 5).

3.9. Inactivation of Bacterial Indicators (E. coli and Total Coliforms)

The mean influent and effluent concentrations of E. coli were 3.31 × 105 and 1.01 × 102

CFU 100 mL−1, while the mean influent and effluent concentrations of total coliform were
2.00 × 106 and 8.49 × 101 CFU 100 mL−1 (Table S10). The inactivation of both E. coli and
total coliforms in Cells 2 and 3 occurred due to aeration, and in Cell 4 due to highly alkaline
conditions. All the treated cells contributed significantly to the inactivation of bacterial
indicators with more than 99.9% efficiency.

3.10. Statistical Analysis and Interpretation

The confidence intervals for PO4-P concentrations in Cells 1 and 2 indicate high
and similar efficiencies in P removal, with overlapping intervals suggesting comparable
performance (Table S4). In contrast, Cell 3 exhibits a markedly lower PO4-P concentration
with a narrow confidence interval, indicating more precise and effective removal. Cell
4 shows the lowest PO4-P concentration with an extremely narrow confidence interval,
reflecting highly efficient and consistent PO4-P removal. For NH3-N concentrations, Cell
1 has the highest concentration with wide variability, while Cell 2 shows a reduction
with narrower variability, though still inconsistent. Cell 3 demonstrates effective NH3-N
removal with a narrow confidence interval, and increased concentration in Cell 4 with high
variability highlights the need for optimization. In terms of NO3-N concentrations, Cells 1
and 2 show low levels with high variability, indicating initial nitrification stages or active
denitrification. The significantly higher NO3-N concentration in Cell 3 with moderate
variability suggests efficient nitrification, while Cell 4 maintains high nitrate levels with
moderate variability, indicating sustained nitrification with potential denitrification. The
evolution of dissolved oxygen (DO) concentrations from low in Cell 1 to high in Cell 3
indicates a transition from anaerobic to aerobic conditions, which are crucial for sequential
contaminant treatment. The consistent reduction in cBOD5 and COD concentrations across
the cells, with decreasing variability, reflects the efficiency of the system in degrading
organic pollutants (Table S10). The significant reduction in total coliform and E. coli
concentrations from Cell 1 to Cell 4, with progressively lower variability, highlights the
effectiveness of the system in bacterial contaminant removal, ensuring the effluent meets
safety standards.

3.11. Statistical Comparison Using Dunn’s Method

Multiple comparisons using Dunn’s Method show that Cells 1 and 2 exhibit a notable
difference from Cells 3 and 4 in PO4-P concentrations, with Cell 3 also demonstrating a
marked difference from Cell 4, and no significant difference between Cells 1 and 2. For
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NH3-N concentrations, Cell 1 displays a distinct variation from Cells 3 and 4, and Cell 2
shows a meaningful difference from Cells 3 and 4, with no significant differences between
Cells 1 and 2, and Cells 4 and 3. In terms of NO3-N concentrations, Cells 3 and 4 present
a statistically distinct difference from Cells 1 and 2, but there is no significant difference
between Cells 3 and 4, and between Cells 1 and 2. NO2-N concentrations show that Cell 4
reveals a considerable difference from Cells 1, 2, and 3, but there are no notable differences
among Cells 1, 2, and 3.

Multiple comparisons using Dunn’s Method reveal that the DO concentrations in
Cell 4 show a significant variance from Cells 1, 2, and 5, and Cell 5 displays a statistically
distinct difference from Cells 1 and 2, with no significant difference between Cells 1 and
2. For carbonaceous BOD (cBOD5) concentrations, Cell 1 demonstrates a statistically
meaningful difference from Cells 3 and 4, Cell 2 exhibits a notable difference from Cells 3
and 4, and Cell 3 presents a marked difference from Cell 4, with no significant difference
between Cells 1 and 2. The COD concentrations show that Cell 1 indicates a significant
variance from Cells 2, 3, and 4, and Cell 2 shows a meaningful difference from Cells 3 and
4, with no statistical difference between Cells 3 and 4. The total coliform concentrations
demonstrate that all pairwise comparisons are significant, indicating that each cell revealing
a considerable difference from the others. Similarly, E. coli concentrations show that all
pairwise comparisons are significant, with each cell revealing a considerable difference
from the others. These findings highlight the effectiveness of the treatment processes in
markedly reducing contaminant levels across the different treatment cells, with specific
cells showing distinct performance differences.

3.12. Environmental Impact and Sustainability

Utilizing BOFS in constructed wetlands for wastewater treatment provides environ-
mental and economic benefits; however, it requires a thorough evaluation of long-term
sustainability and environmental impacts. The utilization of BOFS reduces disposal needs
for the steel industry and benefits the wastewater treatment industry. It is effective in
removing P through adsorption and precipitation, which eventually mitigate eutrophi-
cation. However, the high pH conditions created through the use of BOFS could lead
to metal leaching, particularly vanadium and chromium. A pH adjustment unit and a
zero-valent iron (ZVI) layer are incorporated to ensure that the treated effluent meets water
quality guidelines. Although the high alkalinity conditions created by BOFS facilitate the
inactivation of pathogens, it can also harm aquatic ecosystems. Therefore, an effluent
neutralization unit is necessary to adjust the pH levels and prevent any adverse effects.

Employing BOFS in the constructed wetlands aligns with circular economy principles
by converting industrial byproducts into valuable resources, reducing waste, and enhancing
resource efficiency. Long-term studies are important to determine the life-span of the BOFS
media for its treatment efficiency. Continuous monitoring can help identify changes in
treatment efficiency and environmental impact. The outcome of BOFS in pilot-scale systems
indicates the potential for larger-scale applications and adaptability to various wastewater
compositions and environmental conditions. BOFS provides an affordable solution for P
removal, making it cost-effective for regions with limited financial resources.

Addressing these issues is crucial for effective wastewater treatment and promoting
sustainable environmental practices with BOFS in constructed wetlands.

3.13. Practical Implications and Potential Limitations

The BOFS and ZVI in a multicomponent constructed wetland wastewater treatment
system offers an effective solution for contaminant removal. The high removal efficiency of
the treatment system for the contaminants including P, N, COD, cBOD5, and pathogens
like E. coli and total coliforms highlights the potential of these systems to address key
environmental challenges. This treatment option not only helps in reducing eutrophication
in surrounding water bodies, but also ensures that the treated effluent meets the water
quality guidelines.
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This study also emphasizes the importance of optimizing operational conditions
including aeration, flow rates, and hydraulic retention time to maintain the efficiency
of the treatment system. The benefit of using BOFS as a treatment medium including
the precipitation of calcium phosphate phases and disinfection through creating high
pH conditions offers a preferable treatment option. The implementation of this type of
wastewater treatment system can be beneficial for small- to medium-sized wastewater
systems in rural and suburban areas, which also provides a cost-effective and environment
friendly alternative to conventional wastewater treatment systems.

While the treatment system demonstrates various benefits, its sustainability can be
further enhanced by addressing several potential limitations. Seasonal variations can
impact treatment performance, and fluctuations in influent wastewater characteristics, flow
rates, and aeration rates need to be carefully managed. Additionally, the potential for metal
leaching from various BOFS sources under different environmental conditions must be
thoroughly evaluated. To ensure the long-term efficacy and adaptability of the system,
extensive performance assessments at both demonstration-scale and full-scale field trials
are essential.

4. Conclusions

This study demonstrates the effectiveness of constructed wetland systems enhanced
with basic oxygen furnace slag (BOFS) and zero-valent iron (ZVI) for treating municipal and
domestic wastewater. The integration of these materials within the constructed wetlands
not only meets but often exceeds removal efficiencies for critical contaminants of concern
such as P, N, chemical oxygen demand (COD), and carbonaceous biochemical oxygen
demand (cBOD5). These systems showed their potential to prevent eutrophication in
surface water bodies through efficient nutrient removal and highlighted the benefit of BOFS
in wastewater treatment processes.

Our findings reveal that the specific configuration of treatment cells, including veg-
etated subsurface flow cells and pH adjustment units, along with the use of BOFS and
ZVI, significantly enhances the P removal capabilities through mechanisms such as ad-
sorption and coprecipitation. The operational conditions, such as flow rates and aeration,
significantly influence system performance, but required regular monitoring to maintain
optimal functionality. The geochemical modeling and the application of XANES and FTIR
spectroscopy enhanced the understanding of the interactions within the system.

Microbial activity, particularly involving nitrification and denitrification processes,
plays a crucial role in managing N levels within the wetlands. The alkaline conditions,
attributed to the presence of BOFS, promote the precipitation of PO4. However, these
conditions also lead to concerns such as potential metal leaching. The results from this study
illustrate the potential benefits of integrated treatment systems including high removal
rates for multiple contaminants, including P, N, pathogens like E. coli and total coliforms,
and trace metals, with efficiencies often exceeding 99%. The use of BOFS not only promotes
the precipitation of calcium phosphate phases such as β-tricalcium phosphate (β-TCP) and
hydroxyapatite (HAP), but also ensures effective disinfection due to the elevated pH levels.

There are several areas for improvement and potential future research. One of the main
research objectives could be long-term monitoring by varying the volume fraction of ZVI in
Cell 4. Geochemical reactive transport modeling can help estimate the optimal ZVI volume
fraction. This modeling may also predict the longevity of BOFS and its expected P removal
efficiency, aiding in the selection of appropriate slag types for the treatment system. Future
research may also focus on optimizing hydraulic retention time (HRT), as it is a critical
factor for successful technology implementation. Additionally, exploring the feasibility
of scaling up the treatment system can be considered to increase its technology readiness
level (TRL). Finally, comprehensive environmental impact assessments and public health
implications must be considered to ensure the treated effluent meets all safety standards.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16152198/s1, Figure S1: Locations of solid phase spent media
collected from the BOFS cell; Figure S2: Flow rate, PO4-P concentrations in the influent and effluent,
and P load in BOFS Cell; Figure S3: pH values, Ca, Al, and PO4-P concentrations versus distance
(Cells 1–5) along the flow path; Figure S4: Saturation indices for calcium phosphate and other
related phases (calculated using PHREEQCI) along the treatment cells during three sampling events.
Saturation index of hydroxyapatite (indicated by *) was plotted using a modified log Ksp value [31];
Figure S5: FTIR spectrum of sample with highest mass and reference materials and sample P2-S1, with
phosphate vibrational bands for (a) HAP-S, (b) β-TCP, (c) calcite, (d) aragonite. Vertical dotted lines in
“a” and “b” represent phosphate vibrational bands, while vertical dotted lines in “c” and “d” represent
carbonate vibrational bands: Figure S6: Box plots of Ca, Na, Mg, K, SO4, and Cl concentrations
versus distance (Cells 1–4) along the flow path. Boxes represent 50% of the data (between the first
and third quartiles). Horizontal solid lines and broken lines on the boxes represent median and
mean concentrations. Bars extend from the box to the highest/lowest value within 1.5 × inter-
quartile range (IQR). Points (outliers) are values > 1.5 × IQR. Top- and bottom-most dots represent
maximum observation above upper fence and minimum observation below lower fence; Table S1:
Ksp values of the calcium phosphate minerals added to the PHREQCI database; Table S2: Physical
and chemical properties of the BOFS materials used in the experiments [54]; Table S3: Physical and
chemical properties of the ZVI materials used in the experiments [54]; Table S4: Mean (arithmetic)
concentrations, concentration ranges (expressed as average of maximum and minimum values),
standard deviation, confidence Norm, and 95% confidence interval of pH, alkalinity, conductivity,
and other target parameters including PO4, NH3-N, NO3-N, NO2-N, Cl, and SO4 in the effluents of
Cells 1, 2, 3, and 4; Table S5: Vibrational bands of carbonate and phosphate and the corresponding
wavenumbers in the FTIR spectra of the surface materials; Table S6: Mass change of PO4-P observed
in different components of the treatment system. The +ve values indicate mass losses from the
system component; Table S7: Linear combination fitting results of P-XANES for spent BOFS samples;
Table S8: Linear combination fitting results of Ca-XANES for spent BOFS samples; Table S9: Mass
change of NT observed in different components of the treatment system. The +ve values indicate
mass losses from the system component and the −ve values indicate mass gains within the system
component; Table S10: Mean (arithmetic) concentrations, concentration ranges (expressed as average
of maximum and minimum values), standard deviation, confidence Norm, and 95% confidence
interval of DO, cBOD5, COD, total coliform, and E. coli in the effluents of Cells 1, 2, 3, and 4; Table S11:
Mass change of cBOD5 observed in different components of the treatment system. The +ve values
indicate mass losses from the system component.
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