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Abstract: Treatment of nitrate rich groundwater using permeable reactive barriers (PRBs) established
with injection of emulsified vegetable oil is receiving attention in areas where groundwater discharges
contribute to eutrophication (e.g., Cape Cod, MA). To better understand the biogeochemical process
kinetics when emulsified vegetable oil (EVO) is used to stimulate denitrification within the subsurface,
microcosm experiments and process-based modeling were conducted for pH conditions ranging
from 4 to 8. Biomass variability in soil and pH variations were found to affect denitrification, with
limited nitrate reduction observed below pH 5.0. Different rates for denitrification associated with
biomass variability suggest that a greater characterization of the indigenous biological community
may improve PRB design and operation. Process-based modeling employed the activated sludge
model No 3 (AMS3) framework that assumes denitrification as a two-step anoxic process dependent
primarily on heterotrophic bacteria, soluble substrate, nitrate, and nitrite. Experimental data were
used to calibrate the model under neutral to low pH, resulting in a robust set of equations that can be
coupled with transport in future research to improve PRB effectiveness.

Keywords: denitrification; nitrate; emulsion; permeable reactive barrier; biostimulation; EVO; ASM;
process-based denitrification model

1. Introduction

Nitrogen is the most common groundwater contaminant worldwide [1], frequently present as
nitrate (NO−3 ) and nitrite (NO−2 ). The main sink of nitrogen in water is denitrification—the process
where bacteria use NO−3 as a terminal electron acceptor in their metabolic processes [2].
Denitrification can occur naturally in any environment but is enhanced through engineering
measures that often involve the addition of short chain, organic carbon compounds (use of
methanol and glycerol products is common at water resource recovery facilities) [3].

Technologies to leverage denitrification in groundwater include injection of organic
substrate in a grid of wells to reduce or retain plumes [4,5], soil aquifer treatment [6], natural
attenuation in nearshore marine sediments [7], and permeable reactive barriers (PRBs) [1].
PRBs are most often designed to treat hazardous contaminants in groundwater under
natural gradient conditions [8]. Constructed transverse to the flow, PRBs are traditionally
installed as a continuous trench, though direct injection of reactive material can be used
when the reactive material and water table allow injection approaches (e.g., limestone, zero
valent iron, activated carbon and emulsified oils) [9]. PRBs have traditionally been used
to treat (reduce) halogenated hydrocarbons, hexavalent chromium, arsenic, and uranium.
However, early field trials performed by Robertson and Cherry [10] using trenches filled
with sawdust suggested a significant attenuation (60–100%) of nitrate levels and potential
for long-term treatment without replacement of the reactive material. For biological treat-
ment of nitrate, the organic carbon necessary to enhance denitrification is supplied as the
reactive medium. For PRBs established with emulsified vegetable oil (EVO), the reactive
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zone comprises locations where dispersed phase emulsion is retained within the porous
medium. Emulsified vegetable oils hold promise for stimulating denitrification based on
their use in stimulating microbial communities within the context of bioremediation of
chlorinated organic compounds and metals [11–14]. With respect to using emulsions to
create a PRB, Lee et al. [15] found that larger droplet sizes favored emulsion retention to
sustain nitrate reduction longer, which is consistent with results from studies demonstrat-
ing emulsion transport in sandy porous medium [16–18]. Moreover, treatment zones can
be created using oil-in-water emulsions that are designed for retention at levels that limit
flow bypass [19–21].

Since the 1930s, Cape Cod (Massachusetts, USA) has faced the challenge of reducing
the impact of nitrogen in water due to the widespread use of septic disposal systems [22,23].
These septic systems have created numerous nitrate plumes in a hydrogeologic setting that
supports relatively rapid transport and limited attenuation before groundwater discharges
to coastal waters or lakes. A study from Rakhimbekova et al. [24] outlines the challenges in
predicting this attenuation near groundwater–lake interfaces due to high spatiotemporal
variability in the geochemical conditions.

More than one third of Cape Cod’s gross regional product comes from tourism-related
industries and other activities that are directly affected by eutrophication and nitrogen
contamination [23]. Therefore, a regional plan was created to address federal regulatory
requirements under the Clean Water Act and to develop combined strategies aimed at
reducing eutrophication, fish kills, and diminished shellfisheries by decreasing the flux of
nitrate entering surface water bodies. The Cape Cod Area Wide Water Quality Management
Plan [23] includes PRBs as an alternative technology for the region to reduce and control
nitrogen using innovative technology. The plan explores opportunities to avoid large
investments in constructing wastewater treatment systems that would represent a large
pressure on the public and individual finances within communities on Cape Cod. One
concern for PRB implementation on Cape Cod is groundwater pH that ranges from 4.0
and 5.0 at some potential PRB sites. The pH range preferred by heterotrophic denitrifiers
is generally thought to be between 5.5 and 8.0, and denitrification rates can decrease
significantly in pH levels below 4.6 and above 8.3 [25].

While there has been considerable research on the use of emulsified oil as a fermentable
substrate to support growth of populations of dechlorinating bacteria [12,26–29], studies
focusing on using emulsified oil for denitrification are limited. While we are not aware of
any study that examined the process kinetics associated with supporting denitrification
through addition of emulsified oil, the use of emulsified oil as electron donor has been
characterized. Among the more sophisticated approaches is that of Gihring et al. [30] and
Tang et al. [13]. These studies examined the use of EVO for biostimulation during treatment
of uranium contaminated groundwater. Their conceptual model describing oil hydrolysis
was a complex, multistep process that resulted in slow and sustained production of acetate
and hydrogen.

Denitrification in porous media has been examined in batch experiments [31–33],
column experiments [34–39] and field studies [40,41]. The most common approach to
model bioactivity is the use of Monod type expressions. Yet, these approaches typically do
not include the level of process or stochiometric sophistication found in the process-based
models available in the wastewater treatment literature.

The overall objective of this work is to elucidate biokinetics of denitrification within mi-
crocosms stimulated with emulsified vegetable oil. Of particular interest is the influence pH
may have on the biostimulation process that must occur when engineering denitrification
treatment via the PRB approach. Additionally, this work aims to mathematically describe,
using activated sludge model No 3 (ASM3) framework, the dentification occurring in the
microcosm experiments. The ASM3 framework offers valuable perspective on bioprocesses
related to nitrification and denitrification [42–45]. While the ASM3 model framework em-
ploys a two-step denitrification model, recent studies have illustrated how molecular tools
can identify and further refine the role of denitrifiers particularly related to intermediate,
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reduced nitrogen species link bioprocesses with bacteria [3,46,47]. The research described
herein aims to contribute process-rate information related to the engineered reduction of
nitrate within the subsurface. While this study employs sediments collected from Cape
Cod, the focus on process rates enables broader application. The rates of carbon utilization
and nitrate reduction may be coupled with information on microbial communities and the
distribution of the emulsified oil to support the design of denitrifying PRBs.

2. Materials and Methods
2.1. Materials

Potassium nitrate, potassium nitrite, ammonium chloride, hydrochloric acid, and
sodium hydroxide were purchased from Fisher Scientific (Waltham, MA, USA). Chemical
oxygen demand (COD) standard solution was purchased from HACH (Loveland, CO,
USA). Purified water (resistivity ≥18.2 mΩ·cm and total organic carbon (TOC) ≤ 8 ppb)
was obtained from a Milli-Q Gradient A-10 station (Millipore, Inc., Burlington, MA, USA).

Ottawa Federal Fine sand was obtained from US Silica (Ottawa, IL, USA). Sandy
aquifer materials were collected from Sandwich, MA as a composite sample of multiple
cores in the interval of 8 to 10 feet below ground surface. Sandy aquifer materials were
collected from Falmouth, MA at a depth of 4 to 12 feet below ground surface. Aquifer
materials were stored in zip lock bags at −80 ◦C until used in the experiments.

The carbon source for the experiments was EVO SRS®-NR manufactured and pro-
vided by Terra Systems, Inc. (Claymont, DE, USA). Vegetable oil is a complex mixture of
hydrocarbons, that when biodegraded produces a suite of more readily accessible organic
compounds. For this reason, COD is used to track the substrate over time. While the
use of COD precludes determination of the precise breakdown pathways of the complex
carbon substrate, it is well aligned with the modeling approaches employed to examine
denitrification [48].

2.2. Batch Experiments

Microcosm experiments are conducted in 1 L screw cap sealed glass reactors. Experiments
1 and 2 included control reactors conducted without oil and without soil and three treatment
reactors. The contents of reactors used in Experiments 1 and 2 are shown in Table 1. Reactors
containing soil from the Falmouth, MA site are labeled R01-R05, and reactors containing
soil from the Sandwich, MA site are labeled RS1-RS5. Reactors were mixed at 22 ± 2 ◦C for
between 10 and 25 days using shaker trays (New Brunswick Innova 2000 Platform Shaker,
Eppendorf, Enfield, CT, USA).

Table 1. Microcosm contents for Experiments 1 and 2.

Reactor ID Nitrate
(mg-N/L) Condition EVO (mg/L) Soil (g) Water (mL)

R01 0.06 control 1216 50.9 502.1
R02 17.97 control 0 51.0 501.6
R03 17.79 treatment 1237 50.9 500.6
R04 18.41 treatment 1096 50.9 502.2
R05 17.55 treatment 1119 50.8 500.9
RS1 0.03 control 817 51.1 501.5
RS2 20.95 control 0 51.0 500.7
RS3 20.55 treatment 1099 50.7 501.2
RS4 21.24 treatment 1135 51.0 501.9
RS5 18.25 treatment 1038 50.8 500.4

Experiment 3 comprised of five tests, each using a series of reactors (Table 2) to explore
the influence of pH 4, 7, 8 on biostimulation of denitrification. Tests at pH 4 were conducted
using unadjusted and adjusted reactors. Tests conducted at pH 8 used adjusted reactors,
while tests at pH 7 were unadjusted. Unadjusted reactors were initiated and allowed to
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progress without an attempt to maintain pH. Adjusted reactors received either acid (1 M
HCl) or base (0.1 M NaOH) daily to maintain pH at the target value.

Table 2. Microcosm compositions used in Experiment 3.

Target pH Reactor
ID

Nitrate
(mg-N/L)

EVO
(mg/L)

Water
(mL)

Soil
(g)

Soil
Type

7.0 unadjusted R10 6.8 3336 493.5 51.8 OS
R11 5.3 3555 493.7 66.8 SS

7.0 unadjusted R70 22.2 3336 493.5 51.8 OS
R71 22.2 3555 493.7 66.8 SS

4.0 adjusted
R40 18.5 0 497.6 66.6 SS
R41 15.0 422 497.4 66.9 SS

R41D 15.6 221 497.6 69.2 SS

4.0 unadjusted
R20 19.5 0 497.6 66.4 SS
R21 18.7 1084 498.0 66.9 SS

R21D 18.8 1065 497.8 67.2 SS

8.0 adjusted
R80 17.1 0 248.5 32.2 SS
R81 17.4 964 248.9 32 SS

R81D 17.8 1247 248.7 32 SS
Note: Ottawa Sand (OS) and Sandwich Soil (SS).

2.3. Analytical Methods

pH was measured using a Thermo Scientific™ Orion™ Star A216 pH/DO meter
with ROSS Ultra Triode epoxy-body pH/ATC electrode. Samples collected throughout
the duration of the experiment were stored at −80 ◦C until the time of analysis. Nitrate
and nitrite concentrations were quantified using a Dionex ICS 2000 Ion Chromatograph
(Sunnyvale, CA, USA). Soluble COD samples were taken by filtering 3 mL of mixed sample
through 0.45 µm filters and analyzed using a closed reflux, colorimetric method 8000
by HACH (Loveland, CO, USA), based on standard method 5220 D. UV absorbance at
620 nm was quantified using a Perkin Elmer Lambda 25 UV/vis spectrophotometer. Soil
samples collected before and after the experiment were extracted for DNA using DNeasy
PowerSoil® by Qiagen™. DNA was separated from other components of the soil sample by
multiple steps following preservation instructions from the kit. Extracts were maintained
at −80 ◦C until shipment to SiREM (Guelph, ON, Canada) for analysis. Total bacteria were
quantified by the 16S rRNA gene count, present in all bacteria (copies per gram of wet soil).
An assumption was made that each bacterial organism holds only one copy of this gene,
although it is understood that some bacteria are documented to have more than one 16S
rRNA gene copy [49].

2.4. ASM3 Modeling Approach

The ASM3 model [42] was used to evaluate microcosms using a two-step denitrifi-
cation model. Components modeled include nitrate, nitrite, nitrogen (N2), oxygen (O2),
complex carbon substrate, soluble substrate, and heterotrophic biomass. The ASM3 ap-
proach includes heterotrophic growth rates under aerobic and anoxic conditions. The EVO
biodegradation was modeled in two steps. In step one, complex carbon (e.g., linoleic acid)
is transformed into soluble substrate assumed to be acetate. In step two, soluble substrate
is utilized by the organisms via the simplified storage product process described within the
ASM framework [42]. The Kaelin et al. (2009) model contains 47 model parameters (Table 3)
and 13 processes (Supplementary Material—Table S1). Values for the model parameters
and model stoichiometry (Supplementary Material—Table S2) were obtained from the
literature [42,43,48].
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Table 3. Model parameters at 20 ◦C. Values from [42] unless otherwise noted.

Symbol Characterization Value Units

iN,SI N content of inert soluble COD SI 0.01 [g N/g COD]

iN,SS N content of readily biodegradable substrate 0.03 [g N/g COD]

iN,XI N content of inert particulate COD XI 0.04 [g N/g COD]

iN,XS N content of slowly biodegradable substrate 0.03 [g N/g COD]

iN,BM N content of biomass, XH, XA 0.07 [g N/g COD]

fSI Production of SI in hydrolysis 0.00 [g COD/g COD]

fXI Fraction of inert COD generated in biomass lysis 0.2 [g COD/g COD]

YHO2 Yield coeff. for heterotrophs in aerobic growth 0.8 [g COD/g COD]

YHNO3 Yield coeff., heterotrophic anoxic growth using NO3 0.7 [g COD/g COD]

YHNO2 Yield coeff., heterotrophic anoxic growth using NO2 0.7 [g COD/g COD]

YSTOO2 Yield coeff. for XSTO in aerobic growth 0.8 [g COD/g COD]

YSTONO3 Yield coeff. for XSTO in anoxic growth using NO3 0.7 [g COD/g COD]

YSTONO2 Yield coeff. for XSTO in anoxic growth using NO2 0.7 [g COD/g COD]

‖H Hydrolysis rate constant 9 [d−1]

‖sto Maximum storage rate 12 [d−1]

µH Maximum growth rate on substrate 3 [d−1]

bH,O2
Aerobic end. resp. rate for XH 0.2 [d−1] [43]

bSTO,O2
Aerobic end. resp. rate for XSTO 0.3 [d−1]

ηH,NO3 Reduction factor for NO3 reduction 0.2
(0.15–0.25) -

ηH,NO2 Reduction factor for NO2 reduction 0.2
(0.15–0.25) -

ηH,end,NO3 Reduction factor for bH using NO3
0.4

(0.25–0.50) -

ηH,end,NO2 Reduction factor for bH using NO2
0.5

(0.35–0.70) -

ηN,end Reduction factor for bAOB and bNOB, anoxic 0.1 -

KX Hydrolysis half saturation constant 1.0
[
g XS g−1 XH

]
KH,O2 Saturation/inhibition coeff. for oxygen, het. growth 0.2

[
g O2 m−3]

KH,O2,inh Inhibition coefficient for oxygen, het. growth 0.2
[
g O2 m−3]

KH,SS Saturation coeff. for readily biodegradableSubstrates 10
[
g COD m−3]

KH,NH4 Saturation/inhibition coefficient for ammonium 0.01
[
g N m−3]

KH,NO3 Saturation/inhibition coefficient for nitrate 0.5
[
g N m−3]

KH,NO2 Saturation/inhibition coefficient for nitrite 0.5
[
g N m−3]

KH,NO2,inh Inhibition coefficient for nitrite 0.5
[
g N m−3]

KH,ALK Saturation coefficient for alkalinity 0.1
[
mole HCO−3 m−3]

KH,STO Saturation coefficient for storage products 0.1
[
g COD m−3]

Initial conditions for the model simulations are shown in Table 4. Dissolved oxygen
is present in all reactors at initial concentration of 6 mg/L and assumed to be rapidly
consumed by bacteria given the presence of degradable carbon.
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Table 4. Initial conditions used when modeling the reactors.

Component Symbol RS1 RS2 RS3 RS4 RS5

oxygen (mg/L) SDO 6 6 5 5 4
nitrate (mg-N/L) SNO3 0 20 20 20 20
nitrite (mg-N/L) SNO2 0 0 0 0 0

nitrogen (mg-N/L) SN2 0 0 0 0 0
ammonia (mg-N/L) SNH 0 0 0 0 0
EVO (mg-COD/L) XS 2860 0 2860 2860 2860

soluble substrate (mg-COD/L) SS 80 0 80 80 80
alkalinity (mole HCO3/m3) Alk 0 0 0 0 0

particulate inert organic matter
(mg-COD/L) XI 0 0 0 0 0

storage (mg-COD/L) XSTO 0 0 0 0 0
heterotrophic biomass (mg-COD/L) XH calibrated

The model was written and executed in Matlab 2021a. Experimental data were fit by
adjusting initial biomass concentration. Fits were obtained using the lsqnonlin function
with an objective function of nitrate and nitrate sum squared differences.

3. Results and Discussions
3.1. Denitrification in Experiments Using Sandwich and Falmouth Material at Neutral pH

Data from Experiment 1, conducted using soil from Falmouth MA, show no ap-
preciable changes in nitrate concentration over the 16-day duration of the experiment
(Supplementary Materials—Figure S1). COD and pH were not limiting in this experiment.
The limited denitrification observed in Experiment 1 is attributed to limited biomass associ-
ated with the sandy material, confirmed with lower biomass quantification in the aquifer
material after the end of experiment.

Nitrate reduction was observed in Experiment 2, which was conducted using soil
from Sandwich, MA (Figure 1). Despite the identical set up, reactors RS3, RS4 and RS5
showed different rates for nitrate reduction in the experiment, respectively 10.1, 2.62 and
6.01 mg/(L·d). Nitrate in Reactor RS5 was completely reduced in 2.7 days, while in reactors
RS3 and RS4 nitrate was reduced by 39% and 64%, respectively, over the same period. The
difference in behavior among the replicates is not fully understood, but we hypothesize
that the physical and biological heterogeneity within the sample of Sandwich soil was a
strong contributor to the observed behavior. The quantification of biomass in soil samples
corroborate this hypothesis. In these experiments, soil was used without preparation (i.e.,
no washing, sieving, or mixing), and the Sandwich material was a composite sample from
taken from seven different soil borings suggesting there may be a strong spatial gradient in
the number of denitrifying bacteria present at the site. It should be noted here, that the PRB
implementation may overcome lower spatially varying biomass concentrations through
sustained periods of stimulation.

Nitrite accumulation was observed in Experiment 2 after day 1, though the concentra-
tions (~2 mg/L for all but one sample) were not found to be limiting. Nitrite concentration
began decreasing after day 5. Soluble COD decreased initially but increased at a near
constant rate after day 5–6. The increasing concentrations of soluble substrate at the end of
the experiment are indicative of sustained hydrolysis

Biomass and denitrifying genes, nirK, nirS, and nosZ, were quantified via qPCR in
selected reactors from Experiment 2 (Figure 2). Nitrate reduction variation in the Sandwich
experiment can be explained by the difference in denitrifier concentration among samples,
specifically nirS. Initial (I) and final (F) samples from the same reactor were analyzed to
quantify biomass growth during the experimental period. Nitrite reductases (nirk and nirS)
are representative of the nitrite reduction, while nitrous oxide reductase (nosZ) is the target
gene responsible for generating nitrogen gas.
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to help visualize the trends in the data.
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Figure 2. Biomass characterization results from Experiment 2.

The total biomass in Experiment 2 using aquifer material collected from Sandwich
was found to be one order of magnitude higher than biomass in Falmouth aquifer material.
The nitrate reductase nirS was only detected in Sandwich soil samples, corroborating the
hypothesis of a lower denitrification potential in Falmouth soil. The nosZ gene copies per
gram were two orders of magnitude higher in the Sandwich experiment, indicating the
difference in biological population between the two locations. The enzymes with nirK
were not detected in any of the samples. The nosZ gene is known to have significantly
higher frequency of co-occurrence with nirS than with nirK [50], which could explain
the absence of nirK in these samples. Biomass quantification should be evaluated with
caution since it is not necessarily correlated to bacterial activity. Based on a pure culture of
Paracoccus denitrificans, a study by Baumann et al. [51] showed that decreased denitrification
activity was not always followed by a decrease in target genes narH, nirS, and nosZ mRNA
concentrations. Such tendency may not occur in naturally occurring bacteria in the medium
used in experiments.

3.2. Influence of pH on Denitrificaiton

Two tests were conducted with a neutral pH environment with material collected from
Sandwich, MA, and Ottawa Sand. In these tests, the second set of reactors (R70/R71) was
conducted one month after the first (R10/R11) by re-spiking the same reactors with nitrate.
Total denitrification was observed in experiments with neutral pH. As shown in Figure 3,
higher nitrate reduction rates were noted in microcosms containing Sandwich material
(Reactors R71 and R11) than in those reactors containing Ottawa Sand (Reactors R70 and
R10). In addition, rates of denitrification appear to be greater in the re-spiked reactors
(R70/R71), which is thought to have resulted from a combination of greater biomass present
and the availability of partially degraded EVO.
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aquifer material. Lines added to help visualize the trend in the data.

Results from tests at pH 8.0 suggest no appreciable effect of elevated pH when com-
pared to the results obtained at pH 7.0. However, denitrification was not observed when
pH was maintained near 4.0 in reactor set R40/R41/R41D (Figure 4C,D). In the unadjusted
reactor set having initial pH 4.0 (R20/R21/R21D the pH was observed to increase over
time (Figure 4A,B), with nitrate reduction occurring rapidly once pH exceeded a value of 5.
The increase in pH is consistent with the utilization of acetate as an electron donor [25,52].
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Figure 4. Data from Sandwich soil reactors in Experiment 3 at pH 4: (A) control without EVO, no pH
adjustment; (B) treatment replicates, no pH adjustment; (C) control without EVO, pH maintained at
4 via acid addition; and (D) treatment replicates, pH maintained at 4 via acid addition. Lines added
to help visualize the trend in the data.

3.3. Model Results

Results from Experiment 2 were used to calibrate the model by adjusting initial
biomass, nitrite inhibition, and hydrolysis parameters. The initial biomass was adjusted
based on the uncertainty in the quantification of biomass via qPCR [53]. Nitrite inhibition
was adjusted because initial simulations indicated the biomass populations stimulated
from the subsurface materials were more sensitive to nitrite than is otherwise seen when
modeling denitrification in water resource recovery facilities. The hydrolysis parameters
were adjusted on the basis that the emulsified vegetable oil is more complex than C1–C3
carbons typically used to support denitrification in water resource recovery facilities. Fitted
parameter values are shown in Table 5. The hydrolysis rate kXS and the half saturation of
soluble substrate KS were selected for calibration for being substrate specific parameters
relevant to describe the slow release of carbon from EVO.

Results for the calibration of the model to the three treatment reactors in Experiment
2 are shown in Table 5 and Figures 5–7. Initial biomass was fit separately in each reactor,
given that denitrification rates were different among replicates. Single values of all other
fitting parameters were obtained.



Water 2023, 15, 883 11 of 17

Table 5. Parameters fit to Experiment 2.

Parameter Symbol Fitted Value Initial Guess Literature Value

initial biomass
(mg-COD/L)

XH not applicableRS3 1.10 2
RS4 2.56 2
RS5 18.9 20

nitrite inhibition
(mg-N/L) KiNO2 0.0123 0.1 0.2 1 [42]

half saturation for Ss
(mg-COD/L)

KH,SS 66.91 65
10 [43]

10–180 [54]
2 [48]

hydrolysis rate constant
(d−1)

kXS 0.86 1
3 [43]

9 [42]

Note: 1 Created coefficient based on oxygen inhibition.
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Figure 5. Model output for reactor RS3, describing variations over time for nitrate, nitrite, dini-
trogen and ammonia, COD and STO, dissolved oxygen, and heterotrophic biomass. Experiment
measurements are shown as circles and the model is shown in solid or dashed lines.

Overall, the model well describes the data from the three experiments; however, the
description of RS5 is superior to those provided for RS3 and RS4. This may have to do with
the greater amount of denitrification observed in RS5. While nitrate data from all three
experiments appeared to have a lag, denitrification occurred more quickly in RS5 and thus
the lag has less influence on model performance. While there were appreciable differences
in biomass in these reactors (as noted previously), these experiments were initiated in an
environment containing some dissolved oxygen. The presence of dissolved oxygen at the
start of the experiment may have also contributed to the observed lag. Once the oxygen was



Water 2023, 15, 883 12 of 17

consumed, the corresponding inhibition parameter no longer controlled the process rate
and nitrate reduction commenced within the model calculations. The oxygen inhibition
parameter used (0.2 mg O2-/L [42]) is consistent with a microcosm environment considered
perfectly mixed. In groundwater, however, it is known that denitrification can occur in
oxygen concentrations of 1 or 2 mg/L [55] mostly due to the presence of micro-anaerobic
environments formed by the distribution of particulate organic matter, heterogeneous
organic-rich patches of sediments or biofilms. These denitrification hotspots may account
for up to 90% of the denitrification activity representing only 1% of the soil volume [56].
Thus, future study should aim to understand the influence of spatially nonuniform mass
flows of oxygen into the reactive zone within a PRB.
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Figure 6. Model output for reactor RS4, describing variations over time for nitrate, nitrite, dini-
trogen and ammonia, COD and STO, dissolved oxygen, and heterotrophic biomass. Experiment
measurements are shown as circles and the model is shown in solid or dashed lines.

Soluble COD and storage (STO) show how the model describes heterotrophic uti-
lization of organic carbon. Comparison of the model results for soluble COD with those
measured the experiments suggests the model describes carbon processing. While trends
in RS3 and RS4 are less apparent, soluble COD in RS5 increased at a later time, suggesting
that soluble COD was produced but not consumed after nitrate was consumed.

The goal in fitting the batch experiments shown in Figures 5–7 was the development
of a set of biokinetic parameters for subsequent use in simulating denitrification in PRBs.
This was accomplished in the fitted values shown in Table 5 Attention was subsequently
placed on simulating the unadjusted reactor having initial pH 4 from Experiment 3 using
the biokinetic parameters produced from fitting the model to Experiment 2. The goal in
simulating Experiment 3 is to describe the influence of pH on the denitrification process.
Modeling pH within a microcosm can be complex, requiring a solution of acid-base equilib-
ria in conjunction with soil buffering capacity and microbial processes. While a mechanistic
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approach including these aspects may be meaningful for the ultimate application to PRB
design and operation, it was beyond the scope of this research. In the absence of the mecha-
nistic pH model, the pH data were input to the model as continuous linear function. This
empirical approach informs the model of reactor pH with minimal computational overhead.
Based on data observations, pH increase was linear during the 20 days of experiment, so
the model describes pH variation as zero-order in time.
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More important to capture within the model is the influence of pH on the denitrifica-
tion process. Most nitrate reduction occurred between pH 4.5 and 5.5, suggesting there is a
threshold in pH where pH limitation becomes less relevant, and denitrification rates are
similar to neutral pH experiments. To capture this the process-based model was modified
to include the sigmoidal pH limitation term (IpH) shown in Equation (2).

IpH=
1

1 + e−a×b+b×pH (2)

where a is the inflection point in pH effect and b is a measure of steepness of the sigmoid
curve. The pH limitation term returns a value between 0 and 1 depending on the pH in the
reactor and modifies all process rates shown in Table 4. Parameters a and b were fit (4.98
and −8.63, respectively) using the data from the unadjusted pH 4 reactor with no other
adjustable parameters. That is, all previously-determined model parameters remained
fixed. Fitted values of were used for a and b, respectively.

Model results indicate that at pH below 5.0 bacterial growth and nitrate reduction were
limited. Above pH 5, nitrite was readily reduced. Nitrite accumulation reached a maximum
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of 6 mg-N/L around day 9 before being readily degraded following the elimination of
nitrate.

4. Implications

Our research focuses on quantifying denitrification biokinetics in microcosms estab-
lished with aquifer materials collected from Cape Cod, MA and stimulated using emulsified
vegetable oil. Results suggest that a variation in the observed rates of denitrification may
be attributed to the variability of denitrifiers within the aquifer material. Thus, characteri-
zation efforts at sites being considered for PRB establishment using EVO should include
the assessment of denitrifier populations prior to EVO injection. By evaluating three target
genes of denitrification (nirS, nirK, nosZ), the presence of nitrite reductase (nirS) was found
to be the best indicator of denitrification potential. As the cost for qPCR analysis can be an
obstacle at the field scale, our results suggest selecting only one target gene (nirS) may be
an option for evaluating denitrification potential at sites where PRBs are being considered.

With effective biostimulation and plentiful carbon, there appears limited reason to
be concerned about nitrite posing a risk. Nitrite concentrations of approximately 2 mg/L
in batch systems were observed. That notwithstanding, nitrite is known to inhibit many
microbiological process [35] and any discharge of nitrite down gradient from a denitrifying
PRB may drive concern regarding secondary effects of treatment. Thus, nitrite mass
discharge from installations of denitrifying PRBs should be monitored to ensure the PRB
performance results in complete denitrification.

Where pH increases above 8.0 due to denitrification, buffering agents may be needed [25].
However, biodegradation of the EVO will yield fatty acids that tend to reduce the pH. Our
data show that in neutral pH reactors, nitrate reduction is not causing pH to appreciably
increase and there appears to be little difference in kinetics between experiments conducted
at pH 7 and pH 8. The limited increase in pH in circa neutral experiments suggest that
buffering agents may not be needed when using emulsified oil in field settings where the
groundwater pH is neutral to slightly acidic (>pH 5.0). Based on our results indicating
limited denitrification below pH 5, lab-scale treatability tests are recommended when
groundwater pH is below 5. What remains unanswered in this regard is whether pH
gradients may set up within denitrifying PRBs established using EVO in acidic groundwater
such that pH adjustments become unnecessary during longer-term treatment. Our results
suggest this possibility should be explored in follow on research, and the development and
application of the pH limitation term within this work may aid these studies.

The process-based model employed herein has potential to aid in PRB design and
monitoring. This is important because additional research is needed to understand the
broader suite of possible secondary effects. Greater incorporation of target genes along
the denitrification pathway coupled with more sophisticated denitrification models [57]
can aid the evaluation of PRBs in relation to greenhouse gases. Secondary effects are not
limited to greenhouse gas considerations, but also include broader water quality concerns
related to nitrite accumulation and COD discharge both of which are accessible via the
modeling approach employed in this work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15050883/s1, Figure S1. Experiment 1: (A) nitrate; (B) nitrite
(C) COD (R01—control with no nitrate, R02—control with no EVO, R03, R04, R05—replicates of
reactor with nitrate and EVO). Table S1. Process rate equations used in the model. Table S2. Model
stoichiometry [38].
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