Chemosphere 296 (2022) 134058

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/chemosphere

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

»

Check for

The use of recycled materials in a biofilter to polish anammox wastewater | &&s

treatment plant effluent

Debojit S. Tanmoy "¢, Juan C. Bezares-Cruz “, Gregory H. LeFevre

b, *

2 Department of Civil and Environmental Engineering, University of lowa, 4105 Seamans Center, Iowa City, IA, 52242, United States
b [IHR—Hydroscience and Engineering, University of Iowa, 100 C. Maxwell Stanley Hydraulics Laboratory, Iowa City, IA, 52242, United States
¢ Department of Environmental Engineering, Texas A&M University—Kingsville, MSC 213, 925 W. Avenue B, Kingsville, TX, 78363, USA

HIGHLIGHTS

e Anammox treated wastewater requires
further polishing due to high nutrient
loads.

e Two-stage biofilter can remove nutrients
and be used for effluent polishing.

o Rice husks facilitate biofilm growth and
can efficiently remove N nutrients.

e Recycled concrete aggregates have
higher P sorption capacities (Qmax =
0.074 mg/g).

o First study to investigate recycled ma-
terials to polish anammox effluent.
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ABSTRACT

Anammox is gaining popularity for treating wastewater containing high-strength ammonia due to lower energy
demand compared to conventional nitrification-denitrification processes; however, anammox is reported to in-
crease nitrate loads in the effluent. The objective of this study was to assess the applicability of recycled materials
[recycled concrete aggregate (RCA) and rice husks (RH)] as a polishing step to improve anammox reactor
effluent quality. Anammox effluents were separately passed through two single-stage columns containing RCA
and RH, and one two-stage column (50% RCA, 50% RH) to quantify total N, ammonia, nitrate, nitrite, and
phosphate removal efficiencies. Langmuir isotherm experiments were conducted to quantify nitrate, nitrite, and
phosphate sorption capacities in the columns. The RCA column exhibited the highest phosphate sorption capacity
(0.074 mg/g), while the RH column exhibited higher nitrite and nitrate adsorption (0.063 mg/g and 0.023 mg/g
respectively). We created a Hydrus-1D model to estimate pseudo-first-order reaction rates in the columns.
Because RCA media can form metal-phosphate precipitates, the fastest phosphate reaction rate (1.58 min™%)
occurred in the RCA column. The two-stage column demonstrated the greatest overall removals for all nutrients,
and removal rates were consistent throughout the experimental period. The two-stage column achieved 15%
total N, 94% ammonia-N, 38% nitrate-N, 75% nitrite-N, and 27% phosphate removal. The maximum nitrite,
nitrate, and phosphate adsorption capacities in the two-stage column were 0.030 mg/g, 0.017 mg/g, and 0.014
mg/g respectively. This is the first study to demonstrate that recycled materials can successfully be integrated
into a biofilter as an effluent polishing step to remove nutrients from anammox wastewater.
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1. Introduction

Eutrophication of surface waters is a global challenge (EPA, 2009)
that degrades aquatic life, increases water treatment costs (Piper, 2003),
and contributes to algal blooms that produce toxins (Yang et al., 2008).
Indeed, the U.S. faces an estimated annual economic loss of 2.2 billion
USD due to freshwater eutrophication (Dodds et al., 2009). Conven-
tionally, nitrification/denitrification processes in wastewater treatment
plants (WWTPs) are used to ameliorate nitrogen loads in the effluent;
unfortunately, these processes are energy-intensive. Aeration is the most
energy-consuming process, using 13-77% of the total 0.26 to 1.6 kWh
needed to treat every cubic meter of water, and consequently accounts
for 45-75% of the total operational cost of the treatment plan (Makta-
bifard et al., 2018; Rosso et al., 2008). Conventional wastewater treat-
ment plants are also responsible for significant greenhouse gas
production (Gude, 2015). A relatively recent innovative technology to
treat nitrogen-rich wastewater is anaerobic ammonium oxidation
(anammox) (Lotti et al., 2014) (Equation (1)):

NH{ +1.146NO; + 0.071HCO; + 0.057TH"—0.986N, + 0.161NO; + 0.071CH, 740031 No» + 2.002H,0

Anammox is becoming increasingly popular because the process
does not require aeration and thus substantially lowers energy usage and
operational cost. Anammox is reported to lower energy usage by 65%
and eliminate the use of external carbon sources compared to conven-
tional nitrification and denitrification processes (Gude, 2015). Anam-
mox is also being considered in stormwater treatment technologies
where it is applied after a partial nitritation process (Sun et al., 2017).
Nevertheless, although anammox lessens the total N load, the anammox
process is reported to increase nitrate concentration in the effluent (Si
et al., 2021). The anammox reaction is also inhibited by high influent
phosphate concentration (when influent PO43’-P > 160 mg/L) (Sietal.,
2021). If influent nitrogen concentrations are high, high effluent nitrate
concentrations also result (Daverey et al., 2013); thus, additional pol-
ishing of anammox effluent is necessary before discharge (Conley et al.,
2009; Preisner et al., 2020)—particularly as discharge limits are ex-
pected to lower over time.

Traditional treatment plants sometimes employ effluent polishing
processes to improve the quality of effluent that reaches surface waters.
Supplementary polishing is generally practiced if the wastewater
effluent is used for irrigation or is discharged into a waterbody used as a
recreational and drinking water source (Ameta, 2018; Gerba and Pep-
per, 2019). Examples of effluent polishing operations include waste
stabilization ponds, vegetative uptake, rapid filters, lagoons, con-
structed wetlands, woodchip bioreactors, and wood-iron bioreactors,
which can sometimes require large areas of land (Toet et al., 2005;
Verlicchi et al., 2011; Yamashita and Yamamoto-Ikemoto, 2014). Con-
structed wetlands have become widely-used to treat and improve final
municipal wastewater effluent (Brown et al., 2000). Constructed wet-
lands can decrease nitrogen, phosphorus, pathogens, pharmaceuticals,
and trace organic contaminant levels in municipal wastewater effluent
via biotransformation, photo-transformation, and adsorption onto
wetland matrices (Jasper et al., 2013, 2014; Jasper and Sedlak, 2013;
Oulton et al., 2010; Scholes et al., 2021). Wetlands have also been used
to polish reverse osmosis concentrate generated from municipal WWTPs
(Scholes et al., 2021). Biofilters made with media of recycled materials,
however, have a smaller land footprint and could also be used for final
effluent polishing. Recycled materials have the potential to be used as
filter media in bioretention applications for stormwater runoff treatment
to abate with nutrient loads (Guo et al., 2015; Seelsaen et al., 2006).
Filter media performance varies with the layer type, depth, surface area
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of the materials, vegetation, pollutant concentration, and flow condi-
tions (Eckart et al., 2017). Bioretention cells with recycled concrete
aggregates (RCA) and rice husks (RH) have demonstrated promising
results in stormwater-treatment studies. For example, 80-90% phos-
phate removal was achieved in batch tests with concrete aggregates
(Deng and Wheatley, 2018; Ramsey et al., 2018). Rice husks have been
used as constructed wetland media and achieved around 45% NH3-N
removal via ammonia-oxidizing bacteria (Tee et al., 2009). We also
previously used rice husks and recycled concrete aggregates to assess
their applicability in low nutrient, low flow, microorganism-free
stormwater conditions where we separately filtered nitrate, nitrite,
and phosphate from synthetic stormwater (Alam et al., 2021, 2022).
Nevertheless, the performance of recycled media for wastewater effluent
polishing, with higher concentrations of multiple nutrients and micro-
bial levels in anammox effluent, has yet to be determined.

There is a critical need to improve nutrient removal polishing from
anammox effluent prior to discharge because of impacts to receiving
waters from remaining eutrophication potential (Preisner et al., 2020).

Equation 1

Additionally, recycled materials have demonstrated promising results in
stormwater management and thus could be good candidates to be used
in biofilters or sorptive filters for WWTP effluent polishing. Therefore,
the objective of this study was to compare the fates, adsorption dy-
namics, and removal rates of common forms of nitrogen and phosphorus
nutrients in rice husk and recycled concrete aggregate filter media. We
hypothesized that the presence of divalent cations and metal hydroxides
in concrete aggregates would yield higher phosphate adsorption than
rice husks. Furthermore, we predicted that the presence of nutrients and
organic carbon in rice husk would facilitate biotransformation and
adsorption of nitrogen species, resulting in concomitantly higher nitro-
gen removal than concrete aggregates. In this study, we created a
lab-scale 1.5 L sequencing batch anammox reactor fed with synthetic
wastewater, representing sewage sludge dewatering effluent. We passed
the reactor effluent through three separate columns: an RCA column, an
RH column, and a two-stage column (50% RCA and 50% RH). The
two-stage column demonstrated consistent removal for all the nutrients
and exhibited the highest ammonia, nitrite, and nitrate removal per-
formance. To the best of our knowledge, this is the first study to test the
use of recycled materials, more commonly applied as media in storm-
water bioretention, for downstream anammox effluent polishing treat-
ment. Because treating pollutants from non-point sources can be
difficult, improving point-source removal efficiency through innovative
effluent polishing techniques will improve water reuse practices
(Scholes et al., 2021).

2. Methods and materials
2.1. Synthetic wastewater and columns

The influent recipe for the anammox reactor was adapted from van
de Graaf et al. (Van de Graaf et al., 1996). The influent consisted of two
trace solutions (compositions in Table S1), 30.6 g/L MgS04-6H20, 13.6
g/L CaCly, 0.0272 g/L KH3POy, 0.33 g/L (NH4)2S04, 0.345 g/L NaNO,,
and 0.5 g/L KHCOg, where (NH4)»SO4 and NaNO; were used to control
the influent ammonium and nitrite ion concentrations, respectively. A
continuous supply of influent to the reactor was ensured (Fig. S1). All
chemicals were purchased from Sigma Aldrich (Table S1). All column
materials (i.e., the clear cast acrylic tube and the fittings) were thor-
oughly cleaned with soap and water, then air-dried before assembly. The
media materials were also thoroughly rinsed with deionized water and
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air-dried to remove additional debris attached to the materials. The
inside diameter of all the columns were 9.53 ¢m (3.75”). The bottom and
top portions of all the columns were filled with 2.54 cm (1.0”) and 1.27
cm (0.5") layers of gravel for drainage. In both the RCA and RH columns,
20.32-cm (8-inch) layers of materials were used. For the two-stage col-
umn, one 10.16 cm (4.0”) layer of recycled concrete aggregates (top
layer), and one 10.16 cm (4.0”) layer of rice husks (bottom layer) were
used. No media compaction was conducted for any of the columns. Mesh
fabric strainers were placed in between each layer to prevent the
displacement of the materials and blockage. All the columns were
operated in down-flow mode and there was no evidence of flow
short-circuiting (conservative tracer breakthrough curves shown in
Fig. S7, Fig. S8, and Fig. S9). The recycled concrete aggregates were
provided by Innovative Block of South Texas Ltd, Brownsville, Texas and
the rice husks were from Peaceful Valley Farm Supply, Grass Valley,
California. The densities of RCA and RH samples were measured as
1.150 g/cm® and 0.163 g/cm®, and the hydraulic conductivities were
0.476 cm/s (moisture content = 38%) and 0.294 cm/s (moisture con-
tent = 61%), respectively (in an uncompacted condition).

2.2. Tracer test

Tracer tests were performed for all three columns using a sodium
bromide (NaBr) solution to measure the advection and dispersion of
influent through the columns. A 1-L NaBr solution (20 mg/L) was passed
through the columns at a flow rate of 1 mL/s. Samples were collected
from the end of the column every 20 s for the first 3 min and every 2 min
thereafter. Ion chromatography (Dionex ICS 5000) was used to measure
samples and calibration standards (1.25 mg/L, 2.50 mg/L, 5.0 mg/L, 10
mg/L and 20 mg/L NaBr prepared from 100 mg/L stock solution). Hy-
draulic properties of the columns (i.e., hydraulic conductivity, porosity,
and retention time) and transport properties (i.e., superficial pore ve-
locity and dispersion), were also calculated. The following equation was
used to model the advection and dispersion in the column (Singh, 2002).

X — ut

< =0.5erfc( Equation 2

C, 2/ aut

where C, = Initial concentration, C = Effluent concentration, x = Col-
umn length, u = Superficial pore velocity, o = Dispersivity and t = Time.
We plotted both the model data and actual test data in C/Cy vs time
graph, then calculated the pore velocity and dispersivity to determine
the lowest difference between the model and experimental values.

2.3. Column isotherm experiment

Column isotherm experiments were conducted to measure the
adsorption capacity of the recycled materials when there was only one
nutrient present in the influent. For the first experiment, six 500 mL
solutions were prepared with known concentrations of phosphate ions
(5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L). All the
solutions were passed through the column, and the effluent ion con-
centrations were measured. The same experiment was repeated for ni-
trite and nitrate ions. The measured influent and effluent ion
concentrations were entered as linearized and non-linearized versions of
Langmuir and Freundlich isotherm equations and the isotherm co-
efficients were calculated.

2.4. Reactor-column experimental design

The bench-scale anammox reactor had one mechanical stirrer, one
heating tape, and three ports for the influent pipe, the effluent pipe, and
the overflow prevention pipe. The reactor was covered by thermal
insulation material. The seed sludge for the anammox reactor was
collected from the DEMON HRSD York River Treatment Plant (Seaford,
Virginia). The operating temperature of the reactor was set at 25 + 2 °C
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and continuous mixing was ensured by maintaining the stirrer at 120
revolution/minute (rpm). The synthetic wastewater was pumped into
the reactor at a flow rate of 51.25 mL/min for 16 min. The retention time
of the influent was 6 h, and the stirrer was programmed to turn off 15
min before effluent pumping to allow for biomass settling. The anam-
mox effluent was pumped out and then passed through the columns at a
flow rate of 60 mL/min (higher than typical stormwater biofilters (Beach
et al., 2005), which are around 10-25 mL/min). The on/off initiation for
the stirrer, the heating tape, the influent pump, and the effluent pump
were controlled using a circuit timer (ChronTrol XT Series Circuit
Timer). Each column was connected to the anammox reactor for three
weeks and data were collected every seven days. A Hach DR1900
portable water spectrophotometer was used to measure the total N and
ammonia concentration, and ion chromatography (Dionex ICS 5000)
was used to measure NO3~, NO,~ and PO, ion concentrations. The
reactor and the column were considered as one single unit with two
phases, where phase-1 included the influent tank, influent pump, and
reactor and phase-2 included the effluent pump, column, and effluent
tank.

2.5. Hydrus 1-D model

Hydrus 1-D software, a finite element model (PC-Progress, Prague,
Czech Republic), was used to determine the adsorption isotherm coef-
ficient, Kg, and the first-order reaction rate constant, k, during nutrient
removal by the columns. This software can simulate one-dimensional
solute transport through porous media using modified Richards equa-
tion and advection-dispersion equation (Li et al., 2018). To understand
the Hydrus-1D predicted reaction rate, a separate experiment was con-
ducted wherein 840 mL of the anammox effluent was pumped through
each of the three columns at a flow rate of 1 mL/s. The column effluents
were collected every 30 s and were analyzed via ion chromatography.
This temporal column effluent concentration data was one of the inputs
in the Hydrus model inputs. The columns were modeled in Hydrus 1-D
software using column depth, hydraulic conductivity, superficial pore
velocity, dispersivity, influent, and effluent nutrient concentrations to
obtain K4 and k.

2.6. Quality assurance and statistical methods

DI water was passed through the columns before every use until the
electrical conductivities of the inflow and outflow water equilibrated.
All sample data were collected and analyzed in triplicate. Blanks and
rinses were used during ion chromatography. Any effluent not used
immediately after the collection was stored in a refrigerator at 4 °C. DI
water was used for every dilution. The model graphs were calibrated
iteratively with experimental data and p-values, R? values, RMSE values,
and Nash- Sutcliffe Coefficients were reported for each graph.

3. Results and discussion
3.1. Column characterization

The efficacy of filter media depends greatly on the filter hydraulic
properties and the sorption capacities of the filter material (Hsieh and
Davis, 2005). We characterized the column hydraulic properties to
better understand transport dynamics, chemical attenuation and to use
them as inputs for the 1-D model. The rice husk (RH) column had the
lowest pore velocity (47.6% of RCA, and 88.4% of two-stage), and hy-
draulic conductivity; consequently, the RH column had the highest
retention time (1.7 times higher than RCA, and 1.5 times higher than
two-stage) [Table S4]. High hydraulic conductivity is an important
characteristic for biofilters to facilitate infiltration (Hsieh and Davis,
2005), which is directly proportional to flow rate at a specific hydraulic
gradient; thus, removal efficiencies tend to decrease when flow rate
increases (Abbas, 2015; Shackelford, 2013). In conventional stormwater
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biofilter columns, the hydraulic conductivities have been reported in
previous studies as 827 cm/day (Beach et al., 2005) (fine sand), 7780
cm/day (Hsieh and Davis, 2005) (mulch, soil, and sand), and 9850
cm/day (Mijic et al., 2020) (sand with gravel); these values are 2.5-50
times less than the results measured in our study. Up-flow woodchip
bioreactors are reported to have 177 to 1037 times lower hydraulic
conductivity (33.6 cm/day, 81.6 cm/day, 197 cm/day) than the hy-
draulic conductivities measured in our columns, which helped support
anoxic conditions for denitrifying bacteria (Halaburka et al., 2017). We
used these results on the superficial pore velocity and dispersivity to
model the columns in Hydrus-1D.

Sorption capacity is a function of mixing and electrostatic attraction
between the adsorbent media and the chemical and is a critical
parameter for any media (Ramsey et al., 2018; Kandasamy et al., 2009).
The goal of the isotherm experiment was to quantify the adsorption
capacities of the columns for each nutrient (nitrate/nitrite/phosphate)
separately. For all three ions and columns, the non-linearized Langmuir
model exhibited the best fit of the experimental data [R2 >0.92, Fig. 11,
compared to the linearized Freundlich [R? > 0.87, Fig. S5, Table S2],
linearized Langmuir [R? > 0.18, Fig. S4, Table S2], or non-linearized
Freundlich [R? > 0.92, Fig. S6, Table S3] isotherm models. With the
non-linearized Langmuir model, the RH column exhibited maximum
nitrite sorption capacity, with a qp value of 0.046 mg/g (11.5 times
higher than RCA, and 1.5 times higher than two-stage). The RH column
also had the highest nitrate sorption capacity, q, = 0.023 mg/g (3.8
times higher than the RCA, and 1.4 times higher than the two-stage). In
contrast, the RCA column exhibited the highest phosphate adsorption
capacity, with a g = 0.074 mg/g (2.1 times higher than RH, and 5.3
times higher than two-stage). Two previous studies reported similar
adsorption capacities (0.025 mg/g and 0.134 mg/g) for crushed con-
crete, but with higher retention times of 72 h and 1 h, respectively
[Table 1] (Burianek et al., 2014; Ramsey et al., 2018). Although the
retention time in our study was substantially shorter (e.g., 51 s for RCA)
and thus could support much greater infiltration rates, the PO4>~ sorp-
tion capacity in our RCA column was still 0.074 mg/g. We also observed
a similar trend for NO3™ sorption (0.012 mg/g for RCA vs. 0.029 mg/g in
Ramsey et al.) (Ramsey et al., 2018). Other researchers have reported
similar results for total P adsorption capacities for other recycled ma-
terials (shale rock: 0.023-0.750 mg/g, sand: 0.117-0.165 mg/g, gravel:
0.026-1.700 mg/g, biochar: 1.80 mg/g, brick dust: 0.45 mg/g, clinker
ash: 0.29 mg/g, peanut husk: 0.01 mg/g) (Gubernat et al., 2020).
Commercial adsorbents, such as zeolite, have much higher P adsorption
capacities (around 300 mg/g) but are also very costly (typical
silver-exchanged zeolite costs $514 to $592 per 100 g) (Jiang et al.,
2013; Vikrant et al., 2018).
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3.2. Column performance

The two-stage column containing both recycled materials exhibited
the greatest decrease in concentrations for nitrate-N, nitrite-N, and
ammonia-N in the effluent. The anammox reactor upstream of the
recycled media biofilter performed as expected for the duration of the
experiment and removed approximately 80% of the total N, 90% of the
ammonia-N, and nearly 100% of the nitrite-N, but the nitrate and
phosphate concentrations increased. The nitrate-N concentration in the
anammox reactor effluent was 9 times higher than its influent, and the
phosphate concentration was 1.1-1.5 times higher (Fig. S2 and Fig. S3).
The only appreciable removal in the RCA column was for phosphate
(22%), where there was also a ~10% increase in total N and nitrite.
Metal hydroxides present in concrete surfaces react with nitrate and
produce nitrite (Hewlett et al., 2019), which likely drove the observed
increase in nitrite concentration. Calcium nitrate is often used in con-
crete as antifreeze, which also might contribute to the total N increase in
the RCA column effluent (Karagol et al., 2013). Unlike the RCA column,
the RH column demonstrated removal of all nutrients tested. The total N
removal efficiency was 50% on the first day, with the average removal
throughout the experiment at 36%. The RH column demonstrated con-
stant ammonia-N removal of 80%. Initial nitrite-N and nitrate-N
removal efficiencies were 30% and 60%, respectively, on the first day,
with the average removal being 18% and 37%, respectively. In previous
work, we used rice husks to filter synthetic stormwater (prepared in
deionized water, no bacteria present) containing 4.5 mg/L nitrate-N
(mass load = 13.8 mg), and the mass removal was 1.52 mg per kg of
the column material for 1.6 mL/s inflow rate (Alam et al., 2022). In this
experiment, even though the influent nitrate-N mass load was almost 1.5
times of the synthetic stormwater (mass load = 20.0 mg), the nitrate-N
mass removal/media material was almost 9 times of the previous
experiment (mass removal = 13.5 mg per kg of the column material),
which likely occurred because a high number of bacteria were present in
the anammox wastewater effluent to facilitate denitrification [calcula-
tions in Table S5]. The phosphate removal efficiency also decreased with
time (first day = 60%; average = 45%). Like the RH column, the
two-stage column also removed ~20-90% of different nutrients (~90%
ammonia-N, ~80% nitrite-N, ~40% nitrate-N, ~30% phosphate, and
~20% total N) [Fig. 2]. The ammonia-N, nitrate-N, and nitrite-N re-
movals in the two-stage column were 1.1, 1.5, 4.4 times higher,
respectively, than the RH column, but the phosphate removal was lower
at only 60% of the removal in the RH column [Fig. 2]. In another pre-
vious study, our team used recycled concrete aggregate (RCA) column
and layered media (LM) column (containing recycled concrete aggre-
gates, rice husks, and recycled crushed glass) to measure nitrite and
nitrate removal from bacteria-free synthetic stormwater under inter-
mittent flow conditions where the dry period did not exceed 4 days

(a) NOy (b) NOy (©) PO
0.015 0.015- 0.015-
s -~ j’/‘/. -~
%8 0.010- 2 00101 - 3 0.0101
E E e £
& 0.005- Z 0.005- e — 50005
'/‘ e -
0.000 0.000 . . T 1 0.000
0 0 10 20 30 40 0
Ce (mg/L) Ce (mg/L) Ce (mg/L)
* RCA = RH 4+ Two-stage

Fig. 1. Measured sorption isotherms for (a) nitrate, (b) nitrite, and (c) phosphate ions with each of the column media types [RCA = Recycled Concrete Aggregate,
RH = Rice Husk, Two-stage = 10.16 cm (4”) layer of recycled concrete aggregates (top layer) and 10.16 cm (4”) layer of rice husks (bottom layer)]. Fitted lines are
the non-linearized version of Langmuir adsorption isotherms. Experimental values are presented via markings, model fits are presented via lines.
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Table 1

Maximum adsorption capacities of different recycled media.

Materials

Nutrient

Isotherm
Model

Residence

Time

Result

Reference

Recycled
Concrete
Aggregate
(RCA)

Rice Husk
(RH)

50% RCA
and 50%
RH (by
volume)

Coarse
Aggregate,
Cement

NO,~

NO5~

PO

NOy™~

NO5~

PO

NOy™

NO5~

PO,

PO,

NO5~

Linearized
Langmuir

Linearized
Langmuir

Non-
linearized
Langmuir

Linearized
Langmuir

Non-
linearized
Langmuir

Non-
linearized
Langmuir

Non-
linearized
Langmuir

Non-
linearized
Langmuir

Linearized
Langmuir

Linearized
Langmuir

Linearized
Langmuir

51s

51s

51s

85s

85s

85s

56 s

56 s

56s

72 Hours

72 Hours

qm =
0.004
mg/g;
K, =
0.046 L/
mg, =
0.82

qm =
0.012
mg/g,
K, =
0.018 L/
mg, 2=
0.95

qm =
0.074
mg/g,
K. =
0.003 L/
mg, 2=
0.99

qm =
0.063
mg/g;
K, =
0.007 L/
mg, 2=
0.81

m =
0.023
mg/g;
K, =
0.028 L/
mg, rr=
0.99

qm =
0.040
mg/g;
K. =
0.009 L/
mg, 2=
0.96

qm =
0.030
mg/g;
K, =
0.006 L/
mg, 2=
0.97

qm =
0.017
mg/g;
K. =
0.011 L/
mg, 1% =
0.99

qm =
0.014
mg/g;
K =
0.013 L/
mg, 1° =
0.97

qm =
0.025
mg/g,
K =
0.113 L/
mg, r* =
1

qm =
0.029
mg/g,

This Study

This Study

This Study

Ramsey
et al.
(2018)

Table 1 (continued)
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Materials Nutrient  Isotherm Residence Result Reference
Model Time
Ky =
0.038 L/
mg, 1% =
0.990
Recycled PO> Linearized 1 Hour Qm = Burianek
Concrete Langmuir 0.134 et al.
mg/g (2014)
Crushed P Empirical 40 Days Qm = Egemose
Concrete 8.3 mg/ et al.
g (2012)
Rice Husk Phenol Linearized 2 Hours Qm = Mahvi
Langmuir 0.002 etal.
mg/g, (2004)
K =
30.72 L/
mg, 1° =
0.87
Sewage Phenol - - qm = Bjorklund
sludge- 0.9 mg/ and Li
based g (2017)
activated
carbon

(Alam et al., 2021). The layered media column exhibited slightly higher
average removal efficiencies than the recycled concrete aggregate col-
umn for both nitrite and nitrate (nitritejy; = 26%, nitritegca = 5%,
nitratery; = 14%, and nitrategcy = 11%). Similar to the aforementioned
work, denitrification was not considered, and the mass removal rate was
lower than in this current work likely because bacteria present in the
anammox effluent could facilitate some denitrification reactions. Using
multiple layers in a biofilter is very common and improves filter per-
formance. For example, sandy soil is used as the main filter media for
conventional biofilters where a top mulch layer is added to increase
infiltration, microbial degradation, and pollutant removal (Hsieh and
Davis, 2005). Woodchips, tire crumbs, sawdust, and shredded paper
have also been used in different layers of biofilters to increase efficiency
(Ashoori et al., 2019; Halaburka et al., 2017, 2019; Wanielista et al.,
2011). Similarly, incorporation of rice husks improved overall nutrient
removal efficiencies in our two-stage column, as rice husks were able to
remove more N-nutrients than the concrete aggregate. In summary,
initial removal efficiencies for all the columns were higher than the
average removal, which later stabilized, as is commonly reported for
bioreactors (Addy et al., 2016).

The RCA column exhibited the fastest phosphate sorption reaction
rate, likely due to the presence of metal hydroxides on the material
surface (4.7 times higher than the two-stage column, and 104 times
higher than the RH column) [Fig. 3]. Faster reactions will improve the
successful implementation of a biofilter due to lesser required contact
time. The Hydrus-1D model yielded the first-order reaction rate for
nutrient removal considering the advection, diffusion, and reaction
scenarios based on filter properties and temporal effluent nutrient con-
centrations (Meng et al., 2014). Because nitrite concentrations increased
instead of decreasing, no modeling occurred for nitrite in the RCA col-
umn. In the RH column, faster reactions occurred for nitrite and nitrate
removal than during phosphate removal (30 times greater reaction rate).
For the two-stage column, the reaction rates for both nitrate and phos-
phate were 0.015 min~?, but nitrite adsorption exhibited the fastest
reaction (25 times higher reaction rate). The reaction rates in our study
were similar to the reported rates for other commonly used filter media.
For example, researchers have investigated the removal of N and P
compounds using sawdust, soil, and sludge pyrolysis residue and report
pseudo-first-order reaction rates of 0.028 min ™~ for nitrate, 0.051 min
for nitrite, and 0.046-0.063 min " for phosphate (Harmayani and Faisal
Anwar, 2016; Yu et al., 2015). Mei et al. (2020) tested three media
containing sand, iron powder, and aluminum powder for phosphorus
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Fig. 3. Anammox effluent nutrient removal rates [pseudo-first order] through RCA, RH and Two-stage column (a) nitrate, (b) nitrite, (c) phosphate. Experimental
values are presented via marked data points, Hydrus-1D model fits are presented via lines.

adsorption and reported second-order reaction rates of 0.058 ng’lh’l,
0.088 Lmg 'h™!, and 0.080 Lmg ‘h~! for sand, iron powder, and
aluminum powder, respectively. First-order denitrification rates in a
woodchip bioreactor spanned between 0.250 day ' and 0.010 min?
(DB et al., 2016; Lynn et al., 2015; Moorman et al., 2015; Robertson,
2010).

Nutrient removal in a biofilter heavily depends on the types, con-
centration, and number of nutrients, filter material, inflow rate, and
removal mechanism (see Table 2). If nitrogen compounds are targeted
for removal, media containing an organic carbon source, such as rice
husk, woodchip, and sawdust can improve efficiency (Griepfmeier and
Gescher, 2018). Conversely, media containing metal hydroxides and
silicon are better suited for phosphorus compounds removal (Mekonnen
et al., 2020; Siwek et al., 2019). Improved phosphorus removal (39% or
more) has been reported when the media contained cement (contains
metal hydroxide and silicon), sand (contains silicon), and concrete
(contains metal hydroxide). For example, Ramsey et al. reported 80%
phosphate and 45-60% nitrate removal for concrete aggregate media

via adsorption (Ramsey et al., 2018). In contrast, Harmayani et al. re-
ported 85-91% nitrate and 98% nitrite removals, respectively, in
sawdust (Harmayani and Faisal Anwar, 2016). Most of these media were
only tested using low influent concentrations (~2 mg/L nitrate and 2
mg/L phosphate concentrations), which can impact removal efficiency.
For example, Abbas investigated how phosphorus removal efficiency
varies with influent concentration (Abbas, 2015). The removal effi-
ciency decreased from 90% to 20% when the influent concentration
increased from 1 mg/L to 100 mg/L (Abbas, 2015). Although the con-
centrations were higher in our experiments to more closely emulate
anammox conditions (nitrate: ~45 mg/L and phosphate: ~55 mg/L),
our removal efficiencies matched what is commonly observed in bio-
retention media (~38% nitrate and ~27% phosphate removal in the
two-stage column). If anoxic conditions were maintained in our col-
umns, denitrification would likely increase the nitrate removal effi-
ciency (Wang and Chu, 2016). The formation of a biofilm on the media
surfaces would also likely further increase phosphate removal efficiency
(Ning et al., 2015).
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Table 2
Nutrient removal efficiencies in different recycled media.

Material Major Components in Influent Nutrient Nutrient Load Nutrient Removal Mechanism Reference

Recycled Concrete EDTA, FeSO4, ZnSO4,CoCLy, MnCLy, Total N, 39.0 mg/L; 5.7 mg/L; NH;3-N: 14.4%; NO3 ™~ - Adsorption This study
Aggregate (RCA) CuS04, NaMo0Oy4, Na,SeOy, NiCl,, NH3-N, NO5™ 0.4 mg/L; 44.1 mg/L; N: 7.9%; PO43’: 21.8%

H3BO3, MgSO,, CaCly, KHzPO,, -N, NO3™ -N, 54.1 mg/L respectively
KHCO3, (NH4)>S04, NaNO, POS*
Rice Husk (RH) Same as RCA influent Total N, 43.0 mg/L; 6.5 mg/L; Total N: 35.8%; NH3-N: Adsorption This study
NH3-N, NO,~ 0.4 mg/L; 39.5 mg/L; 82.6%; NO5~ —N: 17.1%j;
-N, NO;~ -N, 54.6 mg/L respectively NO;~ -N: 36.3%; PO4°":
PO 44.5%

50% RCA, 50% RH Same as RCA influent Total N, 46.0 mg/L; 7.2 mg/L; Total N: 15.0%; NH3-N: Adsorption This study

(by volume) NH3-N, NO, 1.9 mg/L; 39.0 mg/L; 93.4%; NO,~ —N: 74.9%;
—-N, NO3;™ -N, 53.9 mg/L respectively NO3~ —N: 38.0%; PO43’:
PO, 26.7%

Coarse aggregate, KH,PO4 PO -P 0.2-2.4 mg/L >80% Adsorption Ramsey et al.
Cement (2018)

Coarse aggregate, KNO3 NO3™ -N 0.2-1.8 mg/L 45-60% Adsorption Ramsey et al.
Cement (2018)

Rice Husk (RH) KH,PO4 Total P 1-100 mg/L 20-90% Adsorption Abbas (2015)

Rice Husk (RH) Phenol, NH3-N NH3-N Around 11-16 mg/L 0-45% Nitrification Tee et al.

(2009)

62% sand, 32% soil, Na,HPO,4, NaNO3, NH4Cl NO; -N, 2mg/L, 2mg/L, 3mg/L  TP: 39%, NO3~ —N: 4%, Adsorption Hsieh and
6% mulch (by NH3-N, TP respectively NH3-N: 7% Davis (2005)
mass)

25% Tire Crumb, Different N and P ions NO;3~, NH3, 1.6 mg/L; 49.7 mg/L; NO3 : 97%; NH3: 91.2%; Adsorption; Wanielista
67.9% Sand, 7.1% Total N, PO4>~, 414 mg/L; 0.8 mg/L; Total N: 98.3%; Denitrification et al. (2011)
Sawdust (by Total P 188 mg/L respectively PO4>": 98.8%; Total P:
volume) 99.9%

25% Tire Crumb, Different N and P ions NO;3, NH3, 1.6 mg/L; 49.7 mg/L; NO3 : 90.1%; NH3: Adsorption; Wanielista
68.8% Sand, 6.2% Total N, PO4>", 414 mg/L; 0.8 mg/L; 96.2%; Total N: 98.6%); Denitrification et al. (2011)
Paper (by volume) Total P 188 mg/L respectively PO,>": 97.8%; Total P:

99.9%

Due to the presence of favorable macronutrients, such as cellulose
and hemicellulose, rice husks tend to be a suitable biofilm carrier to
facilitate microbial decomposition and can also remove nitrogen via
electrostatic attraction, hydrogen bonds, or covalent bonds (Katal et al.,
2012; Shao et al., 2009). Rice husks contain Ca, K, Mg, Na, Si, and P,
which are essential (micro)nutrients for microbial metabolism and do
not generally contain harmful heavy metals (Cu, Pb, Cd, Cr). In our
study, dissolved oxygen concentrations of the filter influent and effluent
were high (around 6.0 mg/L) and concomitant nitrate removal was less
than what is commonly reported in denitrification bioreactors (dissolved
oxygen in denitrifying woodchip bioreactors is ~0.5 mg/L (Halaburka
et al., 2017)), thus we presumed denitrification inside the columns was
minor. Nevertheless, there may have been localized denitrification, as
has been observed in anoxic microsites in conventional bioretention
cells (Willard et al., 2017). Nitrate sorption to biochar has also been
reported, which negatively correlated with solution pH and positively
correlated with biochar pyrolysis temperature (Fidel et al., 2018).
Similar sorption onto rice husks might also account for some nitrate
removal. If the column filter media had been operated favorable for
anoxic conditions (i.e., sealed, compacted, and deep with a low flow),
we may have observed denitrification inside the RH media column,
likely increasing N removal efficiency (similar to a woodchip bioreactor)
(Halaburka et al., 2017). One approach to promoting anoxic conditions
in the RH column would be to increase the column packing density via
compaction thereby decreasing flowrate and increasing contact time.
The packing density of our air-dried rice husk in the RH column was 163
kg/m?® (concrete aggregate column = 1150 kg/m?®), while the oven-dried
packing density in typical woodchip bioreactors is around 200-285
kg/rn3 (where denitrification is the main N removal mechanism)
(Christianson et al., 2010). Packing densities for woodchip, pumice,
small pebble, and cobblestone were reported respectively as 350 kg/m?,
390 kg/m?, 1750 kg/m®, and 1611 kg/m?, respectively, in a stormwater
bioretention system (Niu et al., 2020). Nitrogen compound removal in
concrete aggregate can occur via electrostatic attraction within concrete
pores, physiochemical sorption to the concrete surface, or
hydro/metal-nitrogen precipitation on the aggregate particles (Ramsey

et al., 2018). Recycled concrete aggregates contain Ca, Mg, Si, and Al
hydroxides and phosphate react with Ca and Mg to form insoluble
precipitates (MgHPO4-3H20(s), CaCOs(s), Cas(OH)(PO4)3(sy that aid
phosphate removal (Deng and Wheatley, 2018). Phosphate removal on
rice husks can involve attraction towards ligand functional groups pre-
sent in the media and sorption to biofilms on the rice husk surface
(Abbas, 2015; Ning et al., 2015). In our isotherm experiments, the RCA
column demonstrated the highest phosphate sorption capacity while the
RH column had higher nitrogen compound adsorption capacity. Among
all the three columns, the two-stage column performance was greatest
and most constant and shows promise for anammox effluent polishing;
future work could consider adjustments to parameters such as flow rate,
packing density, etc. to optimize nutrient removal.

3.3. Implications for application

Although we mainly discussed the use of rice husks and recycled
concrete aggregates in the context of a downstream anammox polishing
step, our results indicate the broader applicability of these recycled
media. With the current setup, 14.8 mg nitrate-N and 14.4 mg phosphate
can be removed per liter of the anammox effluent using the two-stage
column, but long-term performance experiments with these media
would be important for comprehensive understanding and application.
Generally, the removal efficiency of sorptive media like bioretention or
bioreactor systems decreases rapidly following the initial phase but
stabilizes thereafter (stabilization rate varies with materials, setup, and
influent conditions) (Halaburka et al., 2017). We observed similar
trends in our study, with removal rates stabilizing after one week.
Because nitrogen removal heavily depends on microbial activities, pre-
dicting the service life of a field-scale reactor from bench-scale experi-
ments will likely be more variable (Waller et al., 2018). In contrast,
phosphate removal occurs mainly via physiochemical sorption, and thus
we can effectively estimate the field-scale treatment capacity of our
current two-stage biofilter. If a small biofilter had a volume of 10 m?, it
could treat around 7700 L of anammox effluent (~50 mg/L biofilter
influent phosphate concentration, 26.7% removal rate) before
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exhausting the sorption capacity [calculation in SI, 1.1 Treatment vol-
ume calculation]. Full-scale anammox plants in the field will have
different flow rates and volumes, biofilters must be scaled accordingly.
Phosphate concentrations in municipal WWTP effluent are much lower
(Kermani et al., 2008; Wanielista et al., 2011) (around 0.5 mg/L, 100
times lower, nitrification-denitrification based process) than the anam-
mox effluent used herein. If the above-mentioned two-step biofilter were
used for municipal WWTP effluent polishing, around 325,000 L of
effluent could be treated to remove phosphate. Eventually, the rice husk
carbon source for microorganisms will be exhausted (estimated: 10-20
years); however, the overall biofilter service will be limited by sorption
capacity (Bjorklund and Li, 2017). With longer retention time, greater
depth, and/or lower flow rate, both N-P nutrient removal and total
treated effluent volume should increase. The treatment volume would
also increase if biofilm were to grow on the media and microbial
degradation could recharge the adsorption capacities or sorption on the
biofilm occurred. Thus, rice husks and recycled concrete aggregates as
media in biofilters have the potential for application in field-scale
stormwater, municipal WWTP, and anammox effluent polishing steps.
Future research is needed to confirm their field-scale removal perfor-
mance and service life by optimizing design and operation parameters
(e.g., filter volume, flow rate, influent concentrations) (Abbas, 2015;
Schmidt and Clark, 2013).

4. Conclusions

The anammox process is gaining popularity as an approach to treat
high N-containing wastewater due to decreased energy demands.
Nevertheless, anammox increases nitrate and phosphate concentrations
in the effluent and thus effluent polishing can be highly beneficial. In
this study, we integrated two recycled materials (rice husks and recycled
concrete aggregates) as filter media to treat anammox process effluent.
We have demonstrated that a two-stage biofilter (50% rice husk and
50% recycled concrete aggregate) can provide stable N and P nutrient
removal from anammox effluent. Rice husks promoted N removal as a
beneficial carbon source and biofilm carriers, whereas concrete aggre-
gates removed phosphorus via sorption. Recycled materials in biofilters
can improve effluent polishing because they are low energy, inexpen-
sive, and practical to implement/maintain (De-Ville et al., 2021).
Commercial media typically yield higher nutrient removal but are more
costly and often harder to manage (Vikrant et al., 2018). Bioretention
filter media amended with woodchips, shredded newspapers, biochar,
vegetation, poultry litter, wheat straw, sawdust, and bottom ash from
incineration plants are also reported to favorably remove nutrients
(Osman et al., 2019; Sun et al.,, 2017; You et al., 2019). In future
research, the long-term performance of a variety of recycled materials
and their nutrient removal mechanisms should be investigated (i.e.,
variable flow, media density, influent pH, material refill frequency,
material layer depth, and effluent recycling).

The use of recycled materials for biofilter media also improves
environmental sustainability displacing these waste materials from
landfills as well as improving effluent quality, lowering the operational
cost, and providing a method for material reuse. Anammox is a growing
technology, and it is expected to have large-scale implementations in
wastewater and potentially stormwater treatment processes in the
future. Adding a media biofilter following an anammox reactor as an
effluent polishing step would help mitigate overall nutrient loads.
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