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A B S T R A C T   

Three distinct septic systems designed for onsite removal of nitrogen (N) from residential wastewater were 
installed at the Massachusetts Alternative Septic System Test Center (MASSTC) and at homes across Suffolk 
County (SC), New York. All configurations featured nitrifying sand beds coupled with denitrifying biofilters 
composed of 1) a lined, saturated sand and woodchip layer, 2) a saturated box filled with woodchips, or 3) an 
unlined, unsaturated sand and woodchip layer. Total N (TN) in final effluent discharge from the three systems at 
MASSTC over more than two years were 7.1 ± 7.8, 4.3 ± 4.2, and 6.9 ± 8.4 mg N L− 1, respectively representing 
TN reductions of 83%, 87%, and 84% from influent TN. Systems at MASSTC also removed on average 
90.0–99.9% of 10 of 11 organic contaminants in pharmaceutical and personal care products, microbes indicative 
of pathogens, and biochemical oxygen demand. Over periods up to 16 months from start-up, effluent from three 
lined, one woodchip box, and three unlined systems in SC averaged 8.3 ± 9.2, 5.3 ± 3.7, and 8.7 ± 4.9 mg-TN 
L− 1 representing removal rates of 90%, 94%, and 88%, respectively. For all systems, wastewater N was effec
tively nitrified year-round; N removal varied seasonally as denitrification attenuated in winter. Substantial 
quantities of TN were removed in the sand beds, likely due to denitrification in anoxic micro-zones. While 
elevated levels of carbon leached from the wood-based biofilters installed at MASSTC during the first 60 days of 
operation, no substantial decline in dissolved organic carbon or N removal was observed between the first 15 
months of operation and the following 12 months. Collectively, the performance of these non-proprietary, 
passive systems suggest they may be a useful alternative septic system for protection of groundwater from 
elevated levels of N, organic contaminants, and pathogens.   

1. Introduction 

Nitrogen (N) pollution can initiate a cascade of negative ecosystem 
impacts in marine and fresh waters including harmful algal blooms, 
hypoxia, and acidification, as well as a deterioration in water clarity 
leading to loss of both seagrass beds and benthic biodiversity (Valiela 
et al., 1992; Howarth, 2008; Hattenrath et al., 2010; Gobler and Sunda, 

2012; Gobler et al., 2012; Wallace et al., 2014). N pollution of drinking 
water has been associated with a variety of human health risks including 
methemoglobinemia in infants (Wolfe and Patz, 2002; Greer and 
Shannon, 2005) and epidemiological studies have suggested connec
tions with non-Hodgkin’s lymphoma (Ward et al., 1996) as well as 
multiple cancers (Weyer et al., 2001; Espejo-Herrera et al., 2016; Jones 
et al., 2016; Schullehner et al., 2018). Along with atmospheric 
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deposition and fertilizer runoff, N loadings from residential wastewater 
delivered through cesspools and conventional septic systems to 
groundwater can be a primary source of N pollution to aquifers used for 
drinking water and to coastal oceans (e.g., Valiela et al., 1992; Latimer 
and Charpentier, 2010; Kinney and Valiela, 2011). Residential waste
water is also a source of organic contaminants from pharmaceuticals and 
personal care products to coastal ecosystems (Dougherty et al., 2010; 
Singh et al., 2010; Gaw et al., 2014), groundwater (Phillips et al., 2015; 
Hinkle et al., 2005) and drinking water (Schaider et al., 2014; Schaider 
et al., 2016). 

In the last several decades, a number of proprietary and non- 
proprietary on-site residential technologies utilizing the biological pro
cess of nitrification coupled to denitrification have been installed to 
remove N from wastewater near its source (e.g., Robertson and Cherry, 
1995; Oakley et al., 2010; Addy et al., 2016). Various configurations 
have been developed to sequence the oxidation and reduction steps 
involved in transforming reduced wastewater N, primarily in the form of 
the organic N and ammonium (NH4

+), to inert dinitrogen gas (N2) 
(Oakley et al., 2010; Addy et al., 2016). Many of these systems incor
porate lignocellulose-based biofilters similar to those used in reme
diating nitrate (NO3

− ) in agricultural (e.g., Schipper et al., 2010) and 
stormwater (e.g., Lopez-Ponnada et al., 2017) applications. According to 
a comparative survey of 20 separate wastewater treatment systems, a 
simple nitrifying sand bed coupled to a lignocellulose-based denitrifying 
biofilter achieved the most reliable and lowest N concentration in final 
effluent (Oakley et al., 2010). The basic principle comprises nitrification 
of wastewater N as it percolates through a sand layer and subsequent 
denitrification in a biofilter as naturally occurring microbes utilize NO3

−

in the absence of oxygen to oxidize carbon in wastewater and from 
lignocellulose thereby converting NO3

− to inert N2 gas. 
Despite previous reports of high rates of N removal by sand bed and 

lignocellulose biofilters (Oakley et al., 2010; Hirst and Anderson, 2015; 
Addy et al., 2016), important questions regarding such systems remain 
unanswered. The performance of differing designs receiving a common 
source of wastewater has not been explored. The dynamics of N speci
ation and associated parameters (e.g. dissolved oxygen (DO), alkalinity, 
and pH) at different stages of treatment as wastewater percolates 
through soil-based systems in residential settings has rarely been re
ported (Addy et al., 2016). Only several field studies have tested 
drainfields or alternative residential wastewater treatment systems for 
the removal of organic contaminants in pharmaceuticals and personal 
care products (Schaider et al., 2017). 

This study addresses these knowledge gaps by describing three 
different designs of full-scale nitrogen removing biofilters (NRBs) which 
were installed at the Massachusetts Alternate Septic System Test Center 
in Barnstable County, MA (MASSTC) and at seven residential properties 
in Suffolk County, NY (SC). The objective was to provide a comparative 
analysis of performance of each different design in removing N species, 
5 day biochemical oxygen demand (BOD5), fecal coliform, and organic 
contaminants from residential wastewater and to investigate the de
terminants of differences in system performance. N removal perfor
mance was assessed cumulatively, seasonally and, because other 
researchers (e.g. Robertson, 2010) observed substantial decreases in TN 
removal efficiency of woodchip based biofilters from the first year of 
operation to subsequent years before stabilization, between the initial 
15 months of operation and the following 12 months for each design. 
While two of these designs are similar to prior installations (Robertson 
and Cherry, 1995; Oakley et al., 2010; Hirst and Anderson, 2015; Addy 
et al., 2016), a third design consisting of a sand bed coupled to an 
accessible ‘woodchip box’ has not been reported on in the peer reviewed 
literature. 

2. Methods 

2.1. Description of NRB designs 

For all systems used in this study, wastewater flows by gravity from a 
traditional septic tank to a pump chamber from where it is delivered to a 
sub-surface distribution system when a threshold water volume is 
reached (typically 2–8 times per day) by a low pressure pump (Fig. 1). 
Beneath the distribution system, septic tank effluent (STE) percolates 
through an unsaturated sand bed where NH4

+ is converted to NO3
− before 

reaching a biofilter in which NO3
− is converted to N2 under low oxygen 

conditions created as woodchips are remineralized (Fig. 1) (Robertson 
and Cherry, 1995; Oakley et al., 2010). The sand used was commercial 
concrete grade sand (classified as C-33 sand according to standards of 
ASTM International) and woodchips were generally 1–7 cm in length 
primarily from oak and pine trees. 

The three NRB designs installed at MASSTC consist of a sand bed 
coupled to (1) a lined, saturated denitrification biofilter (“lined NRB”) 
(Fig. 2a); (2) a denitrifying woodchip box (“woodchip box system”; 
Figs. 2b and 3) an unlined, unsaturated denitrification biofilter (“un
lined NRB”; Fig. 2c). SC installations followed similar design plans. 
Design specifications for these systems are reported in Tables 1 and 2. 
The lined systems consist of ~15 cm of top-soil which covers a lateral 
Geomat™ or Infiltrator Quick4® distribution system (Fig. 2a). This layer 
is underlain by a 46 cm nitrifying C-33 sand layer at the base of which, 
depending on the installation, at least one pan lysimeter was placed. A 
46 cm denitrifying layer of sand and woodchips blended as an equal mix 
by volume prior to installation lies beneath the sand beds (Fig. 2a). A 
0.05 cm-thick polyethylene lining encases all sides and the bottom of the 
denitrification layer and channels wastewater from the liner bottom to a 
perforated PVC effluent pipe which extends to the height of the interface 
between the nitrification and denitrification layers. This structure cre
ates a hydraulic pressure head which maintains the sand and woodchip 
layer in an anoxic, saturated condition (Fig. 2a). Maintaining the sand 
and woodchip layer in a saturated condition minimizes oxidation and 
therefore degradation of the woodchips over time (Wilson et al., 1993; 
Moorman et al., 2010). Treated wastewater is then channeled to a final 
dispersal system. 

A second design facilitates replacement of woodchips by housing 
them in a box (specifications in Tables 1 and 2) accessible by a chimney 
with a removable cover buried adjacent to rather than underneath the 
sand bed (Fig. 2b). This system consists of sand bed 46 cm in height 
(same as described above) overlaying a gravel bed from which nitrified 
wastewater is collected in a polyethylene liner connected by PVC pipe to 
the bottom of a plastic tank filled with woodchips where wastewater 
flows upward through the tank to ensure constant saturation of wood
chips before exiting through a pipe near the top of the box (Fig. 2b). As 
with the lined NRB, wastewater is then channeled to a final dispersal 
system. 

A third, unlined NRB design is nearly identical to the lined system 
described except there is no plastic liner around the denitrification layer 
(Fig. 2c) and it is not necessarily continuously saturated. Unlike the 
lined and woodchip box NRBs, effluent from this system percolates 
directly to groundwater. Samples for wastewater analysis are collected 
by pan lysimeters placed at the bottom of each layer (Fig. 2c). 

The NRBs installed at the MASSTC were operated by the Barnstable 
County Department of Health and Environment, Barnstable County, MA. 
Untreated wastewater was diverted from a sewage treatment plant to a 
shallow, common cement trough (influent source) from which it was 
pumped to septic tanks dedicated to individual systems. Sand bed sur
face areas for each NRB at MASSTC were 3.66 m wide by 8.53 m long 
and received 833 L of sewage per day delivered at a loading rate of 26.7 
L m− 2 d− 1 from fall 2016 through August 2018 when the flow rates were 
increased to 1250 L d− 1 yielding a loading rate of 40 L m− 2 d− 1 

(Table 1). At these loading rates, the calculated hydraulic retention 
times (HRT) for the denitrification layer of the lined system were 5.8 and 
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3.9 days and for the woodchip box were 2.0 and 1.4 days, respectively. 
The HRT of unsaturated layers was not calculated from system geometry 
because flow depends on many factors including hydraulic conductivity, 
pore sizes, and sand texture (Amador and Loomis, 2019). 

Between April 2018 and September 2019, three lined NRBs, one 
woodchip box system, and three unlined NRBs were installed at SC 
residences. Design flows were scaled to the sizes of the residences (SC 
design flow per bedroom ~420 L per day) based on surface loading rates 
of 31 L m− 2 d− 1, with the exception of one unlined system which was 
made shallower and dosed at 20 L m− 2 d− 1 to accommodate a higher 
groundwater level. At this design flow, HRT in the saturated denitrifi
cation layers of the lined systems were 6.8–7.9 days while the HRT in the 
woodchip box was 1.2 days. 

2.2. Sampling and analyses 

The MASSTC systems were sampled biweekly by MASSTC staff for 
~2.25 years using submersible pumps. Influent was sampled from a 
common source (cement trough upstream of individual septic tanks). 
Final effluent was sampled from (1) a sump into which percolate from 
the liner drains for the lined system; (2) a pipe which drains treated 
effluent from the woodchip box and (3) pan lysimeters underlying the 
sand and woodchip layer of the unlined system. Temperature, DO, and 
pH were analyzed immediately on site (YSI 556 Multi-Probe System). 
Total nitrogen (TN) was calculated as the sum of total Kjeldahl nitrogen 
(TKN) measured via US EPA Method 351.2 and NO3

− and NO2
− measured 

by ion chromatograph according to US EPA Method 300.0 (O’Dell, 
1993b; Pfaff, 1993). NH4

+ was measured colorimetrically following US 
EPA Method 350.1 (O’Dell, 1993a). Alkalinity, BOD5, and total sus
pended solids (TSS) were determined according to US EPA Method 
405.1, US EPA Method 310.1, and US EPA Method 160.2, respectively 
(USEPA, 1983a, 1983b, 1983c). Fecal coliform bacteria were quantified 
using membrane filtration method SM9222D (Eaton et al., 2005). 

Dissolved organic carbon (DOC) was measured monthly between 
October 2017 and September 2018 on a Shimadzu TOC-L analyzer 
(USEPA, 1974). Denitrification is approximated as the difference be
tween NO3

− measured downstream of the sand beds (in pan lysimeters 
positioned at the bottom of sand beds in the layer NRBs, and in a pipe 
receiving nitrified percolate upstream of the woodchip box) less NO3

−

measured in final effluent; denitrification efficiency is calculated as 
denitrification divided by NO3

− measured downstream o the sand beds. 
The significance (p < 0.05) of seasonal differences was assessed by 
comparing TN means of each NRB design in winter (January–April) 
against those from non-winter (May–December) periods by t-test; the 
significance (p < 0.05) of attenuation in TN removal performance over 
multi-year periods was assessed by comparing means from all systems in 
the first 15 months against those over the following 12 months of 
operation by t-test. Because NRB designs were not replicated at MASSTC, 
the significance of differences in TN in final effluent among each of the 
three NRB designs was not assessed. 

Influent and effluent samples for SC systems were sampled monthly 
and lysimeters underneath/downstream of the sand beds were sampled 
quarterly from inception (1–16 month periods depending on site; 
Table 2). Samples were collected by peristaltic pumps. Influent samples 
from all systems were collected from pump chambers immediately 
downstream of each septic tank. For the lined NRBs, effluent was 
collected from a sump connecting the under-drain to the final dispersal 
system. Effluent from the woodchip box NRB was collected from a pump 
chamber dosing the final dispersal system. In the unlined NRBs, effluent 
samples were collected in pan lysimeters installed at the bottom of the 
denitrification layer. Upon collection, DO, temperature, and pH were 
analyzed (YSI ProODO for DO and temperature and Hach MM150 for 
pH); TKN, NO3

− and NO2
− , and NH4

+ were measured via US EPA Method 
351.2, US EPA Method 353.2, and US EPA Method 350.1 (O’Dell, 1993a, 
1993b, 1993c), respectively. Alkalinity was measured titrimetrically 
following USGS I-2030-85 (Rounds, 2012). Fecal coliform bacteria were 

Fig. 1. Schematic of generalized nitrogen removing biofilter showing denitrifying woodchip-based biofilter underlying nitrifying sand bed. Mechanical and electrical 
components are limited to one pump which moves wastewater from septic tank to soil distribution system. 
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Fig. 2. Illustrations of three designs of nitrogen removing biofilters (NRB) installed at the Massachusetts Alternative Septic System Test Center: (a) lined NRB; (b) 
woodchip box system and (c) unlined NRB. 
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quantified using membrane filtration according to SM 9222D and BOD5 
was determined according to SM5210B (Eaton et al., 2005). N species, 
alkalinity, fecal coliform bacteria and BOD5 measurements were per
formed by Stony Brook University laboratories certified under New York 
State Department of Health’s Wadsworth Center’s Environmental Lab
oratory Approval Program (ELAP). 

2.3. Quantification of organic contaminants 

Organic contaminants were quantified in the systems installed at 
MASSTC. Samples were taken from the lined and the woodchip box 
systems in September 2017 and in July 2018, and from the unlined 
system in July 2018. All samples were collected in cleaned amber glass 
bottles with Teflon liners, and transported on ice to the Trace Organic 
Chemical Mass Spectrometry lab at the School of Marine and Atmo
spheric Sciences at State University of New York, Stony Brook. Sample 
volumes were 500 mL for effluent samples and 100 mL for influent 
samples, as a balance of detectable concentrations for compounds of 
interest, and matrix level of the sample. Immediately upon arrival to the 
lab, each sample was filtered using a 0.45 μm glass fiber filter (What
man, 47 mm). 

Within 12 h of filtering, each sample was concentrated by solid- 
phase extraction (SPE) using 500 mg Oasis HLB (Waters) cartridges 
conditioned with two 4 mL washes of methanol followed by four 2 mL 
washes of Milli-Q water. The samples were then loaded on the cartridges 
under vacuum at a rate of 10 mL min− 1. After sample loading, each 
cartridge was rinsed with two 1 mL washes of Milli-Q water and then 
dried under vacuum. Dried cartridges were stored at − 20 ◦C. Immedi
ately prior to analysis, samples were extracted using three 2 mL aliquots 
of methanol followed by three 2 mL aliquots of methanol with 0.1% 
trifluoroacetic acid. The extracted samples were blown down to 100 μL 
under N2 gas, at which point 100 μL methanol was added, and the 
samples were vortexed. Then 800 μL Milli-Q water was added, the 
samples were vortexed again, and then centrifuged at 3000 rpm for 5 
min to remove any precipitates. Finally, the samples were transferred 
via Pasteur pipette to autosampler vials for analysis. 

Organic contaminant samples were analyzed on an Agilent high 
performance liquid chromatograph coupled with an Agilent time-of- 
flight mass spectrometer (HPLC-TOF-MS) in the Chemistry Depart
ment of State University of New York, Stony Brook. All data was 
quantified using the Agilent MassHunter Qualitative and Quantitative 
Analysis programs. Methodological detection limits (MDLs) were 
calculated using the smallest detectable sample area for each compound 
and scaling it down to a signal to noise ratio of 3-to-1. The samples were 
analyzed in a single batch, in November 2018 using adjusted methods 
from Benotti and Brownawell (2007) optimized to the analysis 
instrument. 

In brief: a Kinetex XB-C18 column (2.1 × 100 mm, 1.7 μm particle 
size) was used with a sample injection volume of 5 μL for all samples. 
HPLC solvent A was 75% methanol, 25% acetonitrile with 0.3% acetic 
acid, and solvent B was 100% water with 0.3% acetic acid. The samples 

Fig. 3. Total nitrogen (TN) in wastewater influent and final effluent from three 
nitrogen reducing biofilter (NRB) designs at Massachusetts Alternative Septic 
System Test Center, Barnstable County, MA. Medians, indicated by mid-line in 
box, are 4.7, 2.6 and 3.4 mg-N L− 1 for lined, woodchip box, and unlined sys
tems; 75th percentiles, indicated by the top lines of the boxes, are 10.1, 5.4, and 
9.2 mg-N L− 1. Bottom lines represent 25th percentiles, × symbols represent 
means, ○ symbols represent outlier points, and whiskers extend to the range of 
non-outlier data points (those falling within 1.5 times the interquartile range). 

Table 1 
Design parameters of nitrogen removing biofilters installed at Massachusetts 
Alternative Septic System Test Center.  

Parameter Lined Woodchip 
box 

Unlined 

Design length (m) 8.53 8.53 8.53 
Design width (m) 3.66 3.66 3.66 
Nitrification filter depth (cm) 46 46 46 
Denitrification layer depth (cm) 46 N/A 46 
Denitrification layer volume (L)a 14,361 N/A 14,361 
Denitrification tank volume (L) N/A 3785 N/A 
Design flow (L d− 1) Sep 2016–Aug 

2018 
830 830 830 

Aug–Dec 2018 1250 1250 1250 
Normalized loading rate 

(L d− 1 m− 2) 
Sep 2016–Aug 
2018 

27 27 27 

Aug–Dec 2018 41 41 41 
HRTb (d− 1) of 

denitrifying phase 
Sep 2016–Aug 
2018 

5.8 2 N/A 

Aug–Dec 2018 3.9 1.4 N/A  

a Bulk volumes of denitrification phases of layered (lined and unlined) 
calculated geometrically. The woodchip box system has a tank rather than an 
underlying layer for denitrification. 

b Hydraulic retention time (HRT) was calculated by assuming a porosity value 
of 0.45 for the lined denitrification layer and 0.5 for the woodchip box. The 
woodchip box was estimated to be filled to 9/10th of its height with woodchips. 
HRT was not calculated for the denitrification layer of unlined systems. 

Table 2 
Design parameters of nitrogen removing biofilters installed in Suffolk County.  

Parameter Lined #1 Lined #2 Lined #3 Woodchip box Unlined #1 Unlined #2 Unlined #3 

Design length (m) 12.07 9.30 6.40 12.07 14.33 15.85 15.85 
Design width (m) 6.55 7.32 4.27 6.55 6.55 5.28 5.28 
Nitrification filter depth (cm) 46 46 46 46 46 46 46 
Denitrification layer depth (cm) 46 46 46 N/A 30 46 46 
Denitrification layer (tank*) volume (L) 36,367 31,315 12,571 5678* 28,158 38,496 38,496 
Design flow (L d− 1) 2080 2080 830 2080 1666 1666 1666 
Normalized loading rate (L d− 1 m− 2) 31 31 31 31 20 31 31 
HRTa (d− 1) of denitrifying phase 7.9 6.8 6.8 1.2 N/A N/A N/A 
Months in operation 16 5 1 7 16 9 9  

a Hydraulic retention time (HRT) was calculated by assuming a porosity value of 0.45 for the lined denitrification layer and 0.5 for the woodchip box. The woodchip 
box was estimated to be filled to 9/10th of its height with woodchips. HRT was not calculated for the denitrification layers of unlined systems. 
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were eluted at 450 μL/min with a 40-min gradient beginning with 95% 
solvent A, 5% solvent B. The initial ratio was maintained for 2 min and 
then ramped linearly to 5% solvent A, 95% solvent B at 32 min, and 
ramped linearly again to 1% solvent A, 99% solvent B at 34 min. That 
ratio was maintained for 3 min before returning to the initial ratio by 40 
min. Sample concentrations and removal efficiencies are reported here 
for 11 organic contaminants including antibiotics (trimethoprim and 
sulfamethoxazole), beta-blockers (metoprolol and atenolol), stimulants 
(caffeine and nicotine) and their primary human metabolites (para
xanthine and cotinine, respectively), an NSAID (acetaminophen), a 
mosquito repellant (DEET), and an antihistamine (diphenhydramine). 

3. Results 

3.1. Massachusetts alternate septic system test center installations 

Between system installations during the fall of 2016 and December 
2018, mean (± standard deviation) TN concentrations in final effluent 
for the lined, woodchip box, and unlined NRBs were 7.1 ± 7.8, 4.3 ± 4.2, 
and 6.9 ± 8.4 mg-N L− 1, respectively, representing TN reductions of 
83%, 87%, and 84% from influent TN which averaged ~43 ± 10.5 mg-N 
L− 1 (Fig. 3; Tables 3-5). Three quarters of effluent TN observations over 
the period fell below 10.1, 5.4, and 9.2 mg- N L− 1 for the lined, wood
chip box, and unlined systems, respectively. 

As anoxic STE percolated through each sand bed, wastewater TKN 
was efficiently transformed to NO3

− as only 3%–7% of TN remained as 
TKN in samples downstream of the sand beds (Tables 3-5) over the entire 
sampling period. Within sand bed effluent, TKN varied between 1.4 and 
3.6 mg-N L− 1 and comprised primarily organic N while NH4

+ was 
consistently below 1 mg-N L− 1 (Tables 3-5). A substantial portion of 
influent TKN (17%–37%) was not recovered as any form of dissolved N 
in samples downstream of the sand beds and was apparently removed to 
the gas phase (Tables 3-5). 

Contrasting the first 15 months of operation with the subsequent 12 
months, TN in final effluent of the unlined system decreased from 7.6 to 
6.2 mg-N L− 1 (Table 3); TN in final effluent of the woodchip box system 

and the unlined NRB increased from 2.9 to 6.5 mg-N L− 1 (Table 4) and 
from 4.7 to 9.3 mg-N L− 1 (Table 5). Collectively, the NRBs did not show 
a significant change between the two periods (p > 0.05). 

Seasonal effects were observed for all three systems. The TN con
centrations in final effluent during the January–April period (“winter”) 
were 13.0, 8.2, and 14.6 mg-N L− 1 for the lined, sand bed and woodchip 

Table 3 
Nitrogen transformations in lined nitrogen removing biofilter at Massachusetts 
Alternative Septic System Test Center. Units are mg-N L− 1 except percentages. 
Month ranges are for entire sampling period.   

9/19/ 
16–12/ 
31/18 

9/19/ 
16–12/ 
31/17 

12/31/ 
17–12/ 
31/18 

Jan–Apr May–Dec 

Influent 
TKN 42.8 37.2 48.2 38.5 44.5  

Samples downstream of sand bed 
TKN 2.7 2.4 3.2 2.1 2.9 
NO3

− /NO2
− 32.9 31.6 36.6 30.6 34.0 

TN 35.6 34.0 39.8 32.7 36.9  

Final effluent samples 
TKN 2.92 3.53 1.91 2.8 3.0 
NO3

− /NO2
− 4.16 4.08 4.29 10.2 2.4 

TN 7.08 7.61 6.20 13.0 5.4  

Analysis 
TN removed in 

sand bed 
7.14 3.17 8.4 5.7 7.5 

Denitrification 28.8 27.6 32.3 20.4 31.6 
Denitrification 

efficiency 
87% 87% 88% 67% 93%  

Fate of N as % influent TKN 
% N removed in 

sand bed 
17% 9% 17% 15% 17% 

% N denitrified 67% 74% 67% 53% 71% 
% N final effluent 17% 22% 14% 34% 12% 
Mass balance 

closure 
101% 105% 99% 102% 100%  

Table 4 
Nitrogen transformations in woodchip box nitrogen removing biofilter at Mas
sachusetts Alternative Septic System Test Center. Units are mg- N L− 1 except 
percentages.   

9/19/ 
16–12/ 
31/18 

9/19/ 
16–12/ 
31/17 

12/31/ 
17–12/ 
31/18 

Jan–Apr May–Dec 

Influent 
TKN 42.8 37.2 48.2 38.5 44.5  

Samples downstream of sand bed 
TKN 1.5 1.5 1.5 1.5 1.5 
NO3

− /NO2
− 25.4 23.6 28.6 23.1 26.5 

TN 27.0 25.1 30.1 24.6 28.0  

Final effluent samples 
TKN 1.67 1.64 1.73 1.54 1.72 
NO3

− /NO2
− 2.59 1.27 4.77 6.68 2.03 

TN 4.26 2.91 6.50 8.21 3.75  

Analysis 
TN removed in 

sand bed 
15.8 12 18.2 13.8 16.4 

Denitrification 22.8 22.3 23.8 16.5 24.5 
Denitrification 

efficiency 
90% 95% 83% 71% 92%  

Fate of N as % influent TKN 
% N removed in 

sand bed 
37% 32% 38% 36% 37% 

% N denitrified 53% 60% 49% 43% 55% 
% N final effluent 10% 8% 13% 21% 8% 
Mass balance 

closure 
100% 100% 100% 100% 100%  

Table 5 
Nitrogen transformations in unlined nitrogen removing biofilter at Massachu
setts Alternative Septic System Test Center. Units are mg- N L− 1 except 
percentages.   

9/19/ 
16–12/ 
31/18 

9/19/ 
16–12/ 
31/17 

12/31/ 
17–12/ 
31/18 

Jan–Apr May–Dec 

Influent 
TKN 42.8 37.2 48.2 38.5 44.5  

Samples downstream of sand bed 
TKN 1.4 1.8 1.4 2.6 1.1 
NO3

− /NO2
− 28.2 25.5 30.1 24.4 29.3 

TN 29.7 27.3 31.5 27.0 30.4  

Final effluent samples 
TKN 2.19 1.70 2.23 2.05 2.22 
NO3

− /NO2
− 4.69 3.03 7.06 12.6 1.89 

TN 6.88 4.73 9.28 14.65 4.11  

Analysis 
TN removed in 

sand bed 
13.1 9.9 16.7 11.4 14.1 

Denitrification 23.6 22.5 23.1 11.8 27.5 
Denitrification 

efficiency 
83% 88% 77% 48% 94%  

Fate of N as % influent TKN 
% N removed in 

sand bed 
31% 27% 35% 30% 32% 

% N denitrified 55% 61% 48% 31% 62% 
% N final effluent 16% 13% 19% 38% 9% 
Mass balance 

closure 
102% 100% 102% 99% 103%  
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box, and unlined NRBs – significantly higher (p < 0.05) than the cor
responding means for other periods of the year which were 5.4, 3.8, and 
4.1 mg-N L− 1 (Tables 3-5). The higher effluent TN occurred even though 
TKN in influent was lower in winter (38.5 mg-N L− 1) than in non-winter 
(44.5 mg-N L− 1). Consequently, percentage of N removal dropped from 
88% to 66% of influent TKN for the lined NRB, from 92% to 79% from 
the woodchip box system and from 91% to 62% from the unlined NRB. 
Seasonally high TN concentrations comprised primarily NO3

− . There 
were no large differences in TN removal in the nitrifying sand beds 
between winter and the remainder of the year. However, denitrification 
of NO3

− was lower in winter for all systems (mean = 20.4, 16.5 and 11.8 
mg-N L− 1 for lined, woodchip box, and unlined systems) compared with 
corresponding averages for the rest of the year (mean = 31.6, 24.5 and 
27.5 mg-N L− 1) over the ~2.25 years the NRBs were monitored (Table 3- 
5). Accordingly, denitrification efficiency (1-(average NO3

− in final 
effluent)/(average NO3

− in nitrified percolate)) decreased from 93, 94, 
and 92% for lined, woodchip box, and unlined systems, respectively, 
during May – December to 67, 71, and 48%, respectively, in winter 
(Tables 3-5). 

After treatment operations commenced during the fall of 2016, BOD5 
in final effluent samples was ~90 mg-L− 1 from the lined NRB and ~600 
mg-L− 1 from the woodchip box system (Fig. 5). The BOD5 concentra
tions fell sharply to <30 mg L− 1 after ~ one month for the lined NRB and 
after ~ two months for the woodchip box system; measurements of 
BOD5 from the unlined NRB did not commence until after 12 months 
when concentrations had fallen to low levels. Over the entire monitoring 
period, BOD5 averaged 12, 64, and 2.3 mg L− 1 in the lined, woodchip 
box, and unlined systems compared with a level of 215 mg L− 1 in 
wastewater influent. Excluding the first two months of operation, BOD5 
in final effluent for the woodchip box system averaged 16 mg L− 1. 

The NRBs at MASSTC also efficiently removed TSS and indicator 
bacteria and altered alkalinity and pH levels (Table 6). Fecal coliform 
bacteria were reduced by more than five-orders of magnitude to a mean 
of 13, 18, and 21 colony forming units per 100 mL in effluent in the 
lined, woodchip box, and unlined NRBs, respectively, while TSS were 
lowered from >180 mg L− 1 in influent to <35 mg L− 1 in all systems 
(Table 6). Alkalinity decreased from 181 mg-CaCO3

− L− 1 in influent to 47 
(unlined), 49 (woodchip box), and 23 (unlined) mg-CaCO3

− L− 1 down
stream of the sand bed and lowered pH from 6.88 to 5.86, 6.26, and 
5.58, respectively (Table 6). 

The NRBs at MASSTC were also highly efficient at removing all 
organic contaminants measured including the antibiotics, trimethoprim 
and sulfamethoxazole, the beta-blocker, atenolol, the NSAID, acet
aminophen, the mosquito repellant, DEET, the antihistamine, diphen
hydramine, and the stimulants, caffeine and nicotine, together with 
their primary human metabolites, paraxanthine and cotinine. Removal 
of these compounds was 90% or greater (Fig. 6). The only compound not 
removed by >90% was the beta-blocker, metoprolol, which averaged 
76 ± 12% removal across all systems sampled (Fig. 6). There were no 
substantial differences in removal efficiencies among the three different 
NRBs. 

3.2. Suffolk County experimental installations 

In SC, seven NRB prototypes (three lined, one woodchip box, and 
three unlined) were installed at individual residences between spring of 
2018 and summer of 2019 and sampled monthly starting after roughly 
one month of operation. TN in STE averaged 81.2 ± 32.2, 93.5 ± 7.75, 
and 73.2 ± 27.4 mg-N L− 1 in lined, woodchip box, and unlined systems, 
respectively, while TN in final effluent averaged 8.35 ± 9.20, 5.33 ±
3.65, and 8.74 ± 4.90 mg-N L− 1 representing reductions of 90, 94, and 
88% (Fig. 4). For three-quarters of sampling dates, the lined, woodchip 
box, and unlined NRBs produced effluent with less than 10.0, 8.15, and 
11.6 mg-N L− 1, respectively. On average, the lined NRBs, woodchip box 
NRB, and unlined NRBs achieved fecal coliform reductions of four, 
three, and one order(s) of magnitude and BOD5 reductions of 76%, 90%, 
and 44%, respectively (Table 7). Alkalinity also decreased in the sand 
beds compared to influent by 32%, 75%, and 30% for lined, woodchip 
box, and unlined systems (Table 7). 

4. Discussion 

The simple, mostly gravity-driven sand and woodchip biofilters 
described here remove 80%–90% of N, 90%–99% of organic contami
nants and almost all BOD5, TSS, and fecal coliform from STE. In addi
tion, they remove >90% of wastewater phosphorous (Wehrmann et al., 
2020). The suitability of individual designs to specific site conditions as 
well as relative performance and controls on N and organic contaminant 
removal are discussed below. 

4.1. Design applications 

Each of the three NRB designs presented has distinguishing features 
more or less suitable for different site characteristics. The effluent from 

Table 6 
Mean (±S.D.) analyte concentrations in lined, woodchip box and unlined ni
trogen removing biofilters (NRB) installed in Massachusetts Alternative Septic 
System Test Center over the period from inception fall 2016 to December 2018.  

Location Alkalinity pH TSS BOD5 Fecal coliform 

Influent 182 ± 49 6.9 181 ±
61 

215 ±
68 

7.76 E06 ± 7.08 
E06  

Lined NRB 
Bottom, sand 

layer 
56 ± 54 5.9   181 ± 107 

Effluent 182 ± 50 6.3 12 ± 12 12 ± 21 31 ± 79  

Woodchip Box NRB 
Bottom, sand 

layer 
49 ± 17 6.3 10 ± 10 1 ± 1 250 ± 796 

Effluent 117 ± 27 6.6 5 ± 3 64 ±
145 

18 ± 31  

Unlined NRB 
Bottom, sand 

layer 
30 ± 24 5.6 63 ±

101  
682 ± 2053 

Effluent 168 ± 60 6.0 35 ± 38 2 ± 2 21 ± 56 

Note: Alkalinity in mg L− 1 as CaCO3, pH, total suspended solids (TSS) in mg L− 1, 
five-day biochemical oxygen demand (BOD5 in mg L− 1) and fecal coliform 
bacteria in colony forming units per 100 mL. BOD5 in final effluent of woodchip 
box includes measurements from initial start-up; measured from two months 
after start-up, BOD5 is 16 mg-L− 1. 

Fig. 4. Total nitrogen (TN) concentrations in final effluent and influent of ni
trogen removing biofilters (NRBs) installed in Suffolk County. Medians, indi
cated by mid-line in box, are 4.2, 4.7, and 9.1 mg-N L− 1 for the lined, woodchip 
box, and unlined systems, respectively; 75th percentiles, indicated by the top 
lines of the boxes, are 10.0, 8.2, and 11.6 mg-N L− 1. Bottom lines represent 25th 
percentiles, × symbols represent means, and whiskers span to the range of non- 
outlier data points (those falling within 1.5 times the interquartile range). 
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the unlined NRB flows directly to groundwater whereas the lined and 
woodchip box NRBs require final disposal either to leaching rings, gal
leys, or a separate drainfield and, consequently, require more depth 
above groundwater than the unlined system. Since unlined NRBs do not 
require a liner, installation is simpler and less expensive compared with 
lined and woodchip box designs. While dosing multiple times a day will 
maintain water capacity in the sand and woodchip mix (Graffam, 2020), 
the unlined biofilter will likely be subject to continually changing de
grees of oxygen saturation whereas the woodchips in the lined and 
woodchip boxes will remain continually anoxic. Consequently, a higher 
proportion of bioavailable carbon inventories may be consumed by 
aerobic remineralization than in denitrification over the life of the un
lined system (Moorman et al., 2010). The difference in denitrification 
efficiency between lined and woodchip box NRBs compared to the un
lined NRB (87% and 90% versus 83% from inception to December 2018) 
may reflect greater aerobic remineralization in the unlined system. 

Multiple field and lab studies have reported initially high rates of N 
removal in wood-based biofilters declined during the first year of 
operation and then stabilized at lower levels in subsequent years (Rob
ertson et al., 2008; Cameron and Schipper, 2010; Robertson, 2010; Addy 
et al., 2016). This attenuation has been attributed to lower inventories of 
labile carbon available after an initial period of rapid leaching of DOC in 
the early stage of biofilter operation (Robertson, 2010; Addy et al., 
2016). Average N removal efficiencies in the lined system at MASSTC 
did not decline during the first 15 months of operation compared to the 

next 12 months (Table 3). For the woodchip box system and the unlined 
system, the percentage of NO3

− removed declined slightly over this 
period (Tables 4-5) but not to the extent (>50%) reported by other re
searchers (Robertson, 2010; Addy et al., 2016). Uncertainty over carbon 
longevity (Robertson, 2010) is overcome in the woodchip box system 
which is designed so woodchips can be replaced as needed and therefore 
may extend the effective life of these systems far beyond estimates for 
buried woodchip biofilters (Robertson, 2010). 

As near passive systems made primarily of natural materials (sand, 
wood), the parts and supplies for NRBs are inexpensive. The major 
expense of NRBs are labor costs associated with excavating sites and 
installing system components. Design advances that reduce costs will 
require smaller foot-prints and/or reduced installation times and may 
include recirculating flow and/or reuse of existing onsite infrastructure 
as permittable. The lignocellulose biofilter portion of NRBs could also be 
reduced in size and adapted as polishing units, perhaps as lignocellulose- 
amended drainfields or as upflow saturated woodchip boxes, to remove 
residual NO3

− in effluent of some commercial innovative/alternative 
onsite wastewater treatment systems (I/A OWTS). 

4.2. N removal performance comparisons 

Differences in influent composition (Friedler and Butler, 1996; 
Whelan and Titamnis, 1982), loading rates (often unknown in residen
tial settings) and environmental conditions make comparisons between 
onsite residential wastewater systems difficult. Similar N removal rates 
were obtained over six years for sand and woodchip biofilters installed 
below sand receiving septic drainage (74% N removal) and nitrified 
percolate (80% N removal) (Robertson and Cherry, 1995; Robertson 
et al., 2000); however, residence times for these systems were much 
longer (15–40 days) and influent N concentrations were more variable 
than for systems described here (Robertson et al., 2000). Additionally, 
these systems were seasonal summer residences whereas the systems 
described here operated continuously year-round in a temperate 
climate. Performance for all three designs described here also achieved 
broadly similar N removal to those reported by Hirst and Anderson 
(2015) for a NRB configuration with an unsaturated sand bed and 
saturated denitrifying biofilters prior to sulfur reduction in a sub- 
tropical environment (FL, USA). Combined, these reports offer sub
stantial evidence that simple sand beds coupled to wood-based biofilters 
offer substantial benefits in TN removal from residential wastewater 
compared with presently available proprietary onsite wastewater sys
tems (Oakley et al., 2010). 

Influent TN concentrations in the NRB systems installed in Suffolk 
County (SC) were more than double the level at MASSTC. Actual flow 
rates were available for one NRB each for lined, woodchip box and 
unlined designs in SC (390, 214 and 644 L d− 1) and, at these loading 
rates, N was removed from STE at mean rates of 29, 19 and 45 g d− 1 

respectively. Corresponding rates at MASSTC were 32, 34 and 32 g d− 1 

for lined, woodchip box and unlined NRBs so the three designs’ overall 
averages were similar, i.e., 31 g d− 1 for SC NRBs and 33 g d− 1 for 
MASSTC NRBs. Normalized to drainfield area, however, MASSTC N 
removal rates were higher (1.0, 1.1 and 1.0 g m− 2 d− 1) than corre
sponding rates in SC (0.37, 0.20 and 0.48 g m− 2 d− 1) because of the 
larger footprint of NRBs installed in SC. 

4.3. Factors regulating N removal performance 

The use of a common source of wastewater for the three NRBs at 
MASSTC afforded direct performance comparisons between the 
different NRB designs. Relative N removal performance among all sys
tems was influenced by a number of factors including (1) quantity of TN 
removed in sand beds; (2) extent and duration of attenuation of deni
trification in winter (i.e., temperature) and (3) in most, but not all cases, 
wastewater residence time in the biofilters. The mechanisms and envi
ronmental controls regulating N and organic contaminant removal 

Table 7 
Mean (±S.D.) analyte concentrations in lined, woodchip box and unlined ni
trogen removing biofilters (NRB) installed in Suffolk County during 2018 and 
2019.  

Location Alkalinity pH BOD5 Fecal coliform 

Lined NRBs 
Influent 264 ± 138 6.39 396 ± 157 121,000 ± 71,786 
Bottom, sand layer 179 ± 108 6.38 30 ± 44  
Effluent 332 ± 133 6.33 96 ± 158 47 ± 66  

Woodchip Box NRB 
Influent 417 ± 55 7.33 51 ± 27 31,000 ± 24,042 
Bottom, sand layer 103 6.18 3 ± 0.4  
Effluent 260 ± 96 6.45 5 ± 2 86 ± 37  

Unlined NRBs 
Influent 318 ± 93 6.94 201 ± 62 90,000 ± 88,198 
Bottom, sand layer 224 ± 154 5.43 4 ± 2  
Effluent 380 ± 304 6.15 111 ± 159 2043 ± 5947 

Note: Alkalinity in mg L− 1 as CaCO3, five-day biochemical oxygen demand 
(BOD5 in mg L− 1), and fecal coliform bacteria in colony forming units per 100 
mL. 

Fig. 5. Biological oxygen demand (BOD5) in final effluent samples from start- 
up in fall 2016 through December 2018 for lined nitrogen removing biofilter 
(NRB) and woodchip box system at Massachusetts Alternative Septic System 
Test Center. Unlined NRB not shown as initial BOD5 measurements were not 
recorded until after start-up. 
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among installed NRBs are discussed below. 

4.3.1. Biogeochemistry of sand beds 
The simple process of percolation of wastewater through sand beds 

yielded highly efficient conversion of TKN to NO3
− in all systems 

installed at MASSTC (mean > 95%) (Table 3-5). Alkalinity was not 
limiting as almost all NH4

+ was removed by each system. Wastewater 
contains alkalinity (Lowe et al., 2009), and, based on a theoretical 
stoichiometric consumption rate of 7.1 g-CaCO3/g-N as NH4

+ oxidized to 
NO3

− (Prosser, 1990; Li and Irvin, 2007), available alkalinity in waste
water should have only been sufficient to transform ~25 mg-N L− 1 as 
NH4

+ to NO3
− . However, TKN decreased to <3 mg-N L− 1 from >42.8 mg- 

N L− 1 in influent in all cases, so either (1) the stoichiometric assumption 
does not apply to nitrification within sand beds, (2) incremental alka
linity was supplied by the sands themselves and/or (3) it was produced 
by denitrification in anoxic micro-zones within the sand beds (Gerardi, 
2006). Across all systems in SC, mean influent alkalinity was ample and 
higher (264, 417, and 313 mg-CaCO3 L− 1 for lined, woodchip box, and 
unlined systems) than at MASSTC (182 mg-CaCO3 L− 1) (Tables 6 & 7). 

While the sand beds of all three NRB designs displayed substantial 
TN removal, there was more occurring within the sand bed of the 
woodchip box system at MASSTC (37%) than the other two NRB designs 
(17% lined and 31% unlined, respectively) (Tables 3-5). Removal of TN 
was also observed in the SC NRBs where loss in the sand layers averaged 

58% in the lined systems, 62% in the woodchip box system, and 71% in 
the unlined system. Given the high levels of BOD5 within these layers, 
there clearly exists an adequate carbon supply necessary for NO3

− to be 
denitrified under anoxic conditions. Facultative microbes capable of 
denitrification in low oxygen environments have been found in effluent 
of sand beds (Langlois et al., 2020). Thus, TN removal in sand beds may 
have occurred by denitrification in anoxic micro-zones in sand beds 
using wastewater carbon as an electron donor (e.g. Waugh et al., 2020; 
Oh and Silverstein, 1999). It is not clear, however, why this process 
should have occurred more extensively or at a greater rate in the sand 
bed of the woodchip box system at MASSTC compared with those in the 
layered systems as all three sand beds have the same dimensions. The 
primary difference between the sand bed of the woodchip box system 
and those of the layered systems is that it was positioned above gravel 
drainage from which nitrified percolate was channeled to the woodchip 
box whereas the sand beds in the layered systems lie directly above the 
denitrifying sand and woodchip layers. Water infiltration is slowed 
when percolate moves from finer-textured to coarser-textured matrices 
due to differences in water potential (Amador and Loomis, 2019); 
whether this transition could increase the HRT of percolate in the sand 
bed enough to create an anoxic zone and thereby account for the dif
ference in N removal compared with the layered systems is unknown. A 
final point regarding the sand beds is that, while Rambags et al. (2016) 
demonstrated biofilters comprised of sand and woodchips effectively 

Fig. 6. Organic contaminant removal from nitrogen removing biofilters with three different designs (lined, woodchip box system and unlined) at the Massachusetts 
Alternate Septic System Test Center sampled in September 2017 and July 2018. 
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remove BOD5, TSS, and fecal coliform from wastewater, this study, 
consistent with Hirst and Anderson (2015), shows these pollutants can 
be largely removed in the sand beds alone (Tables 6 & 7). 

4.3.2. Seasonality of NO3
− removal in woodchip biofilters 

Significant (p < 0.05) seasonal variation in N removal by NRBs was 
driven by lower denitrification rates during winter periods (Januar
y–April). Sand beds of the MASSTC NRBs nitrified nearly all of waste
water N through the entire year with no substantial temperature effects, 
while NO3

− levels in effluent varied substantially and effluent TKN levels 
were little changed (~2 mg-N L− 1) between winter and non-winter pe
riods (Tables 3-5). Temperature dependence of NO3

− removal has been 
reported in field and pilot studies of wood-based biofilters (Robertson 
et al., 2000; van Driel et al., 2006; Cameron and Schipper, 2010; Addy 
et al., 2016). The seasonal attenuation of denitrification in winter may 
be attributed to lower demand for NO3

− as an electron acceptor in het
erotrophic activity because of the higher availability of more thermo
dynamically favorable dissolved oxygen in nitrified percolate which will 
be at higher concentrations due to increased solubility at colder tem
peratures. Higher ambient dissolved oxygen levels will require greater 
rates of bacterial respiration to create anoxic conditions needed for 
denitrification. In addition, lower temperatures may slow the meta
bolism of denitrifying bacteria and/or cellulolytic bacteria that provide 
dissolved carbon required for heterotrophic denitrification. 

The difference in seasonal N removal in the sand beds compared with 
the woodchip biofilters (Table 3–5) may shed light on the mechanism 
controlling the seasonality in N removal. If TN was removed by deni
trification in spatially or temporally anoxic microzones in the sand beds, 
then the required carbon could only have been delivered in the waste
water itself. Unlike carbon from woodchips, this carbon would have 
been available to denitrifying bacteria without the need for initial 
breakdown to DOC by cellulolytic bacteria. Directly bioavailable sub
stances in wastewater, such as acetic acid, simple carbohydrates, alco
hols, and amino acids could support heterotrophic denitrification 
(Henze et al., 1994). Given that TN removal did not slow in the sand 
beds in winter but did in each woodchip biofilter, it seems likely cold 
temperatures inhibited activity by cellulolytic bacteria rather than by 
denitrifying bacteria which seemed to perform at similar rates within 
sand beds year-round. The importance of cellulolytic bacteria in 
rendering C available for denitrifying bacteria is also suggested by the 
timescale of seasonal N removal (Table 3–5). Attenuation of denitrifi
cation did not show a direct monthly correlation with temperature but 
lagged by > one month (monthly data not shown) so N removal 
continued at a high rate through December, attenuated in January and 
did not increase again until May. This lagged relationship between N 
removal and temperature is consistent with the hypothesis denitrifica
tion varies directly with the bioavailability of C inventories which take 
time to accumulate or decrease based on production of temperature 
sensitive cellulolytic bacteria and consumption by denitrifying bacteria. 

4.3.3. Residence time in woodchip biofilters 
The woodchip box received less NO3

− in nitrified percolate than the 
sand and woodchip biofilters of the layered systems at MASSTC but 
removed slightly more of it than the lined and unlined systems (90% 
against 87 and 83%, respectively) (Table 3–5). This result was achieved 
even though nitrified percolate had a substantially lower residence time 
in the woodchip box (1.4 d at a loading rate of 1250 L d− 1) than in the 
lined NRB (3.9 d at same loading rate; residence time in the biofilter of 
the unlined system was not calculated). Longer residence times gener
ally have a direct relationship with NO3

− removal (e.g., Addy et al., 2016; 
Martin et al., 2019). Consistent with these findings, the N removal from 
the lined SC system (residence time 7.8 d) operating for more than six 
months was higher than either the lined or woodchip box systems at 
MASSTC. The estimated volume of woodchips in the lined NRB (2.75 m3 

assuming porosity of sand and woodchips = 0.45 and sand: woodchip 
volume ratio of 1:1) is also greater than the volume of woodchips in the 

box (~1.70 m3 assuming ratio of woodchips: total volume = 0.5) so the 
greater denitrification efficiency of the box is not caused by the volume 
of woodchips. The woodchips used in all NRBs were oak and pine of 
varying particle sizes; however, these variations likely do not account 
for performance differences as lab and field tests have not found a strong 
correlation between woodchip particle size and NO3

− removal (van Driel 
et al., 2006; Cameron and Schipper, 2010; Schmidt and Clark, 2013). We 
hypothesize that the full strength of woodchips in the boxes offer a high 
concentration of organic carbon to support more rapid denitrification 
than the 50:50 mix of sand and woodchips in the other NRB designs. 

4.4. Removal of organic contaminants in pharmaceuticals and personal 
care products 

All three NRB designs removed >90% of 10 of 11 different phar
maceuticals, antibiotics, and other organic contaminants measured in 
wastewater influent at MASSTC (metoprotol removals were 82%, 63% 
and 98% for lined NRB, woodchip box system, and unlined NRBs, 
respectively). Some of the compounds measured here such as metoprolol 
and diphenhydramine have been found to have removals of <30% in 
conventional wastewater treatment plants (WWTPs; Jelic et al., 2010; 
Ryu et al., 2014). Other compounds including atenolol, DEET, para
xanthine, trimethoprim, and sulfamethoxazole which are often removed 
~50%–80% in conventional WWTPs (Benotti and Brownawell, 2007; 
Jelic et al., 2010; Ryu et al., 2014; Schaider et al., 2017), were removed 
at 90%–>99% in all three NRBs at MASSTC. Compounds with reported 
removals near 90% in WWTPs, such as cotinine and nicotine (Benotti 
and Brownawell, 2007), were removed at 96%–>99%. The consistently 
highest removals in the NRBs were observed for acetaminophen and 
caffeine, removed at >99% in every system tested. These compounds 
often also have removals >99% in conventional WWTPs (Benotti and 
Brownawell, 2007; Ryu et al., 2014). 

Relative to removal in septic drainfields and other onsite alternative 
residential wastewater treatment systems reported in Schaider et al. 
(2017) the three NRB installations at MASSTC achieved similar removal 
of acetaminophen, caffeine and paraxanthine (>99%) but far higher 
removal for the antibiotic sulfamethoxazole (>90% versus 40% and 
28% for drainfields and alternative systems, respectively) and for DEET 
(>99% versus 88% for drainfields). For the antibiotic trimethoprim, 
removal was greater than in drainfields (>90% versus 60%) but slightly 
less than that in other alternate systems (>90% versus >99%). The 
antihistamine diphenhydramine showed similar removal in the three 
NRB installations (95% versus >99% for both drainfields and alternative 
systems) (Schaider et al., 2017). 

Removal of organic contaminants in the NRB systems is hypothesized 
to be due to microbial activity within the nitrification zones as many 
nitrifying bacteria have been shown to efficiently degrade organic 
compounds (Eichhorn et al., 2005; Matamoros and Bayona, 2006; Ooi 
et al., 2018; Reis et al., 2020). The high levels of labile organic carbon in 
wastewater streams entering oxic, nitrifying sand layers may offer ad
vantages in microbial degradation of organic contaminants over systems 
where BOD is removed prior to nitrification. Other compounds such as 
sulfamethoxazole have been found to have high removal by anaerobic 
digestion (Carballa et al., 2007). The design of the NRBs creates within 
one system, zones for targeting aerobic and anaerobic treatment. This 
setup, along with likely naturally occurring microenvironments 
throughout the NRB layers and adsorption sites on the sand and wood
chips, clearly removes high levels of a variety of organic contaminants. 
Finally, the longer HRT in NRBs (days) compared to WWTPs (hours) 
may allow bacteria more time to degrade organic compounds. 

5. Conclusions 

This study supports the conclusions of Oakley et al. (2012) that a 
sand bed coupled to woodchip-based biofilter may offer compelling al
ternatives to proprietary, mechanized and energy-intensive innovative/ 
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alternative onsite wastewater treatment systems (I/A OWTS). The de
signs described here have consistently reduced TN by 80%–90% and 
organic contaminants by 90%–99%. Additionally, they remove almost 
all BOD5, TSS, fecal coliform and >90% of phosphorus (Wehrmann 
et al., 2020) from septic tank effluent. Commercially available I/A 
OWTS are typically more energy- and equipment-intensive, relying on 
pumps and aerators to create sequential oxic and anoxic conditions 
required to facilitate nitrification and denitrification. For I/A OWTS that 
generate residual NO3

− in effluent, sand and woodchip or strictly 
woodchip biofilters may provide a useful ‘polishing step’ to reduce TN to 
<10 mg-N L− 1. 

Credit author statement 

Christopher J. Gobler: Conceptualization, Writing - Original Draft, 
Investigation, Formal analysis, Supervision, Project administration, 
Funding acquisition. 

Stuart Waugh: Methodology, Writing - Original Draft, Investigation, 
Formal analysis, Data curation, Visualization. 

Caitlin Asato: Methodology, Writing - Original Draft, Investigation, 
Formal analysis, Data curation, Visualization. 

Patricia M. Clyde: Investigation, Writing - Original Draft, 
Visualization. 

Samantha C. Nyer: Investigation, Writing - Original Draft. 
Molly Graffam: Investigation, Writing - Review & Editing. 
Bruce Brownawell: Formal analysis. 
Arjun K. Venkatesan: Formal analysis. 
Jennifer A. Goleski: Investigation. 
Roy E. Price: Supervision, Formal analysis. 
Xinwei Mao: Formal analysis. 
Frank M. Russo: Supervision, Formal analysis. 
George Heufelder: Methodology, Investigation, Resources. 
Harold W. Walker: Funding, data analysis. 

Declaration of Competing Interest 

None. 

Acknowledgements 

This study was, and the NYS CCWT is, funded by the New York State 
Department of Environmental Conservation [DEC01-C00366GG- 
3350000]. The authors are grateful for the assistance of Damann 
Anderson, Josefin Hirst, and Steve Cluff from Hazen and Sawyer for 
their assistance in drafting the designs for these NRBs and David Potts 
from Geomatrix and Jose Amador from the University of Rhode Island 
for useful discussions on the design and functionality of NRBs. The au
thors also thank the Chemistry Department of Stony Brook University for 
use of the HPLC-TOF-MS instruments, as well as Dr. Béla Ruzsicska for 
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