Downloaded via CORNELL UNIV on May 26, 2020 at 15:38:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Ie“ce & ec “0 uqu @ Cite This: Environ.Sci.Technol.2019, 53, 14348-14356 pubs.acs.org/est

Nitrous Oxide and Methane Dynamics in Woodchip Bioreactors:
Effects of Water Level Fluctuations on Partitioning into Trapped Gas
Phases

Philip M.McGuire and Matthew Reid*
Schoolof Civil and Environment&ingineeringCornellUniversityJthacaNew York 14853 Jnited States

Supporting Information

ABSTRACT: Woodchip bioreactorWBRs) are low-cost, passivesystemsfor  Ayetting/orying Cycles: - Hot Momieiits”of
nonpoint source nitrogen remo\atlterrestrial-aquatic interfacdhe greenhouse. -~ S, e
gases nitrous oxide 481) and methane (Cl) can be produced within WBRand
effortsto reduce N,O and CH, emissiondrom WBR systemsequire improved
understanding dhe biogeochemicahd physical-chemicalechanisms regulating ; .

their productionfransportand releasélhis study evaluates the impacttcdpped ~ Promo ﬂ E""}d“‘ Trace Gas Partitioning
gas-filled void volumeas sinksof dissolved gase€som waterand as sourcesof y - G Quphies

v

episodic fluxes when water leveldisBolved gas tracer experiments in a Iaboratogy:\*.
bioreactor were used to parameterizenonequilibrium advection-dispersion-gas //’*sv
transfer models and quantify trapping of gas-filled voids as a function of antecedeg
hydrologicatonditions Experiments following a water-levs revealed that up to
24% of the WBR pore volume wasccupied by trapped gaghaseswhich were

primarily located in pore spaces inside woodchhis.finding was confirmed with X-ray-computed microtomogrsgBy.

Internally
Trapped
Gas
Phases

Gas Phase
Entrapment

(3.3-10%) and CEl(4.3-14%) injected into the reactor following a water table rise partitioned into gas-filled voids and were

released when water tables lfellhe case of O, partitioning into trapped gas phases mak@suNavailable for enzymatic
reductionpotentially enhancing, fluxes under fluctuating water levels.

1. INTRODUCTION Departmentof Agriculture issued aNational Conservation

Approximatelyone-quarterof all nitrogen (N) applied to Practice standard for denitrifying bior_eactors !n 2015.
terrestrial systems crosses the terrestrial-aquatic interface iffinough the complexprocessesontrolling spatiotemporal
surface watersmaking ecosystems laind-water boundaries variability in NO emissions from WBRs and other environ-

; : ; 114
critical buffer zonesfor controlling N release to aquatic =~ Ments are a topic of major researchinterest,” * the
environments Environmentsat land-waterboundariesare contribution of physicalgas transporprocesses and water—

protected and/orengineered to enhance denitrificatidhg air mass tfansfer to yari_ability ifNemissions have received
biologically mediated reduction of nitrate (NO;™) to relatively little attentiorr™ "
dinitrogen (N,) through a seriesof obligate intermediates An |mporctj§m’g pr:%/smadontrolonfdlssollz{;lad dga§ dbeh_a;x!or In
including nitrous oxide (N,0)."> N,Ois an important p?hrous_ me 'at IS f pzezenc(;a_owgza})s-é € y0|| S WII blln
greenhouse gaand ozone-depleting substanes there is otherwise water-saturatedmedia. paringly soluble
broad interestin limiting N ,O emissionsfrom incomplete dlisﬂ\_/ed?has_etspartmorr; tlf?to t?]ese trappeé:i&_ ??25’\%15,?3’
denitrification so as to minimize tradeoffs between improved'®tarding their transport through porous media. e
water quality and inadvertent greenhousegas (GHG) these partitioning processes havetoapr knowledgeoeen
emission$.” The productiongonsumptionand emission of St“,:j':ed in the context OJZ& ,_thgf_enwtr)onmentatlhlmphcatlons
o s i o g e b e css oy o

y the conceptual“hole-in-the-pipetnodel, in which N 4 ! €
“leaks” outfrom “holes” in the denitrification process pipe. 1 hft morgents oﬂraclt_ebgas é:x_?ls wr:en w_ate;lft;v'edls c:rop
Understanding of the complex processes that regulate the h8RS rﬁppe gases are |l g_rad piilary g%PtP'”Q ?' u?_ ¢
in the denitrification process pipatticularly the mechanisms 93S PNases In porous media auring Imbibition 1S a function o
of water-air gas transfeemains incomplete. th'e pore size distributici,with smaller pore sizes as_somated

Woodchip bioreactors (WBRs) are sustainable systems th%gngreater enftrappg(% st;a% \éolu?rj’e'ﬁne pxera;borqstlty of "
promote denitrification aterrestrial-aquatic interfaces using § ranges from U./ 10 U.9 and consIsts of an interporosity
lignocellulosic woodchipas slow-release source$ carbon
and as the electron donor for denitrifying biofilms colonizing Received: August 92019
the woodchip surfaces.® WBRs effectively removeNO5” Revised: November 82019
from nonpoint sources including agricultuhainagestorm- Accepted: November 18019
water runoff, and septic system effluent; '®> and the U.S.  Published: November 182019
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(i.e.,the pore space between woodchips) of ~0.5-0.6 and ancase, describes the diffusion-limited transfer of gas between the
intragorosity (i.e.pore space#nside wood media) of0.2— mobile water phase to the trapped gas pHageation 1 can
0.457**?The pore radii of wood media range from 50 nm tobe reduced to a dimensionless form (eq S5) used in analytical
500 pm, dependingon the tree specie$® The intrapore  modelsolutions®

structure ofwoodchips may acis an importanteservoir of Studiesof nitrate reactive transporthrough WBRshave
trapped gas phases in otherwise saturated WBRs because dbth that roughly 25-33% of the water in WBRs is held as a
smalldiameter of the pores. stagnant water volume within woodchips>“Gas-filled void

The objective of this study was to explore the effects of gaspacesmay be in either the mobile domain (i.e., the
filled void volumes on the fate and transport of dissolved gaseggrporosity) or stagnant domain (i.e., the intrapore

particularly the biogenic GHGs,® and methane (Ch), in structure).In order to describe solute exchangebetween
otherwise water-saturated WBR& hypothesize thatising mobile and stagnant domaims, wellas gas partitioning into
waterlevels lead to entrapmendf gas phases inside WBRs, trapped gas phases in both domaiasglso implement a dual
either in the interporosity between woodchipsor in the porosity modél

intrapore structure within woodchip$artitioning into gas- Ve V.o o

filled voids removesgasesrom microbial activity and can 0 G, “om Tgm 0 G, Ygim Pgim
triggerepisodic high flux eventwhen waterlevels fall,and Mot V., oot Mot Vi ot

trapped gas phases are reconnected to the unsaturated zone. 2 c

Dissolved gas tracer experiments in a laboratory iféB& =g Da_m -9 Va_m

were interpreted using an advection-dispersion mass transfer moox? mooX 3)

model to quantify the volume of gas-filled voids and first-order
rate coefficientfor masstransferinto trapped gasphases.
Model parameters determined using biologically itraters
were used to simulate effects of bubble partitioning on
transport of NO and CH, and thereby separate the effects of
microbial consumption from mass transfer into gas-filled voi
Complementary modeling and measurement of the recovery,
N,O and CH, in the reactor headspace (HS) during water
table drawdowns was used to evaluate the significance of th
partitioning processefor episodic GHG fluxesWhile this
research focuses on processes in WBRghts gained here
will be discussed in the broadecontextof biogenic GHG

6,, and §,, are the porosities othe mobile and stagnant
domainsrespectively, and ¢, are solute concentrations in

the mobile and stagnant water phasespectivelyyhile g ,

and gy, are the gas concentrations in gas-filled voids in the
obile and stagnantdomains,respectivelyV, .{V,, » and

«nfVw imare the ratio of gas-filled to water-filled void space in
e mobile and stagnant domaraspectiveljequation 3 can

glg be rewritten in dimensionlessorm and implemented
tsing analyticaolutions® The dimensionless form ef)s 1

and 3 (eq S5) includes the retardation fackr,

transport through porous media environmentssubject to R=1+ va
hydrologicaVvariability. w )
V/V,, is a physicgbroperty of the reactor and is therefore
2. MATERIALS AND METHODS indgpendent of the gaghile R values are a function of H and
2.1. Model Framework. Smallvolumes ofgas-filled void  therefore vary with different gases (see Table S1 for H values
spacein otherwisewater-saturatednedia can retard the of gases examined in this study). A complete description of the
transport of, and consequentlyserve as a reservoirfor, nonequilibrium modelsncluding detailed description diie

sparingly soluble trace gaseés. Prior research has demon-  dimensionleswariablesjs in the Supportinglnformation.
strated the need for kinetically limited advection—dispersion-Models are parameterized using dissolved gas tracer tests in a
masstransfermodels to effectively describedissolved gas  laboratory WBR.

transport through porous media with trapped gas pHasés. 2.2. Reactor Design. A laboratory reactor (30 cmX 20
Assuming the presence afsingle dissolved gas component cm h x 5 cm w) was constructed using a poly(vihyoride)

and a constantgas phasevolume, one-dimensionahon- frame and transparent polycarbonate siding with four inlet and
equilibrium gas transport in the presence of gas-filled voids daar outlet ports atthe ends ofthe reactor to achieve quasi

be described with a mobile-immobile interphase mass transtare-dimensiondlow through the reactor(FiguresS1-S3).

kinetic model® where the mobile phase describes the aqueot&he reactorface wasfitted with a planar optode (PreSens
component,and the entrappedgas phaserepresentshe GmbH, Regensburdzermany) for dissolved oxygen (DO)

immobile phase monitoring.The upper7.5 cm of the reactorwas separated
ac V. s o% o into three HS compartments fitted with btgppers for HS
Zm, 879 _pZm_yIm gas sampling.
at Vv, ot ox2 oX (1) Ash (genus Fraxinus)woodchipswere obtained from a

lumber mill in Cayuta, NY and sorted to a maximum size of 2.5
cm x 2.5 cm x 1 cmWoodchips were conditioned in a flow-
through reactorwith 0.32 mM NO ;= for 9 months at a
hydraulicresidenceime of 24 h to promote denitrifying
biofilm formation on woodchipsThe total porosity of the
bioreactorwas determined through thesummation of the
S drainable porosity and the specific retentiohhe drainable
ra = o(HC, - ) ) porosity, equivalent to the interporosity,(&as calculated as
the volume ofwater drained from the reactor divided by the
H is the dimensionless air-water partition coeffiaciedto total woodchip-packed reactor volufiee specific retention,
is a first-order mass transfer rate coefficien {fiat, in this equivalent to the intraporosity,{ was determined using the

Dis the dispersion coefficienfL? T™"], v is the mean
porewater velocity [L T'], ¢, is the solute concentration in
the mobile water phase [M°}, and \}V, is the ratio of gas-
filled to water-filled pore volume [dimensionless], is the
concentration of gas in the immobile gas phase Tl land

14349 DOI: 10.1021/acs.est.9b04829
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mass difference between wet and dry woodchips after 48 h at 2.4. Sampling and Chemical Analysis. Effluent samples

105 °C?
2.3. Dissolved Gas Tracer Tests. Tracer tests with
dissolved gasesas partitioning tracerswere performed to

were collected to develop tracer breakthrough cuiié&ser
sampleswere collected with glasssyringesjransferred to
crimp-sealed vialnd analyzed via gas chromatography (GC)

estimate the volume of trapped gas phases in the bioreactor(&nimadzu GC-2014 with AOC-5000 autosampleVater

a function of antecedenhydraulic conditionsthrough the
parameterization of gas transport moRelsovery of gases in

from the GC vials was analyzedfor Br~ on an ion
chromatograph (Thermo ICS-2100).

the reactor HS after reactor drainage was used to evaluate theHS gas sampleswere collected using plastic gas-tight
contribution of gas partitioning into trapped gas phases to flusyringes by injecting a known volume b, into the sealed

events following water-levétawdownsAbiotic experiments
were performed by inhibiting microbiattivity with 50 mM
sodium azid& with the purpose of quantifying the effects of
gas transfer processeson tracer mass balanceswithout
confounding microbial influences. Antecedent hydraulic
conditionsin the reactorwere classified as‘transient” or
“static” (Table 1). Transient conditions involved reactor

Table 1.ExperimentaDescriptions

water table rise

media hydrology rate (cm/h) additionaldescription

glass beads transient 12.0 drained 36 h prior to

experiment
abiotic static 1.65 pore space flushed with €O

woodchips prior to experiment

transient 12.0 drained 36 h prior to
experiment

biotic transient 12.0 drained 36 h prior to
woodchips experiment

drainage 36 h prior to the experimentalstart, and then a
water table rise of 12 cm/h immediately prior to the
experimentastart. Static conditions were characterized by a
slower water table rise ¢f7 cm/h at least 12 h prior to the
experimentadtart,with no flow untilthe tracer injection.

HS through butylseptamixing the HS via syringe pumping,
and withdrawing the same volume of HS gas for GC analysis.
HS samples were collected during steady-state flow and for 3 h
after the reactor drainage.

2.5. Curve Fitting and Parameter Estimation. Ana-
lytical solutiorS for nonequilibrium transport models (eqs S3
and S8) were implemented in MATLAB to fibreakthrough
curves in order to estimate reactor hydrodynamic properties
(v; D) and gas exchange parametgf¥ (ya). The mobile-
immobile interphase mass transfer kinetic masl used to
fit breakthrough curves in the glass bead m&diavhile the
dualporosity modelvas used to modélansport through the
woodchip mediabecauseof the significantvolume of the
stagnant water domain in the intern@bodchip pore¥’ P,
the mobile aqueous fractiams fixed based on measurements
of 8, and §,, (see Section 2.2) and calculated ag@® , +
6.m). Bromide curveswere used to estimatev and D by
minimizing the sum ofquared residuals (SSR) between the
data and modefit. With v and D fixed,dissolved gas tracer
curves were fit by systematically iterating through values of a,
R, and Rand identifying the parameter set that minimized the
SSRR and R, are the overalretardation factor because of
bubble partitioning and the retardation factorbecauseof
bubble partitioning in the mobile domaiespectivelyalues
of R and R, were utilized to determine¥,, and \} {V

Tracer tests with three levels of complexity were performedising egs 4 or S10 and H for each gas (Table S1).

The first and simplest case involved a set of abtadicsient
experimentsn 1 mm glass bead mediaThese experiments

In biotic experiments, overg)\, values were taken as the
averageof the V¢V, valuesestimatedfrom the three

probed entrapment of gas-filled voids in a uniform media ang¢onservative gas tracers (5fg, and GHg). V o{V, m values

permitted comparison @fas tracer-based/V,, estimates to
existing measurementsf trapped gasvolumesvia X-ray
microtomograph§® Second, transient and static abiotic
experimentsvere performed in a woodchip-filled reactor.
These experiments quantified gas entrapnmehVBRs as a
function of antecedentconditions and allowed for the
validation oftechniques for simulating transport§O and
CH, based on parametersstimated from conservative gas
tracers.The third set of experimentg“biotic” experiments)

determined with GHg and Sk were averaged to obtain an
estimate of y,{V,, »for nonconservative tracer gadeum

was excluded from this average 4§ {V,  as its diffusion
coefficient significantly varies from the diffusivitiegoaht

CH,. Gas-specific a values were taken as an average of a from
replicate abiotic experiments subjected to ideatitatedent
hydrologicconditions.The suitability of this approach for
modeling breakthrough curves was evaluated by using He and
SF; breakthrough curves for mogarameterization and then

was conducted in microbially active woodchip media and watesting the simulated C,;H, breakthroughcurve against

used to separate the contribution miicrobialconsumption/
production ofgases from partitioning into trapped gas-filled
voids as sinksfor CH, and N,O in WBRs. Experimental
conditionsare summarized in Table 1All conditionswere
tested in duplicate.

Step inputgas tracettests were performed by injecting a

measured @Hg data.Helium and SF; data from transient
biotic experiments were used to estimate ovghal.Vh the
case of ¥{V, n the parameter obtained forgStas used as
the estimatefor C,Hg. C,Hg data from transient abiotic
experimentsvere used to estimate aThe simulated GHg
curve was in good agreement with; ®ieasurements (Figure

tracer solution into the four inlet ports using a peristaltic pum@4).

to achievesteady-statdlow with a calculatedhydraulic
retention time of 1.75 h. The tracer solution contained
dissolved MO, CH,, C,Hg, He, and Sk as gas tracers and
bromide (BF) as a nonvolatileyonsorbing tracer (Table S1).
At the end of the experimentise water table was lowered by
draining the reactor over a period afpproximately 20 min.
Experimentsvere conducted at24 °Cina temperature-
controlled room.

14350

2.6. X-ray-Computed Microtomography. High-resolu-
tion X-ray-computed microtomography (UCT) wassed to
probe the internal pore structure of woodchip mediaand
quantify ratios ofwater-filled to gas-filled void space in the
woodchip intraporositXradia Zeiss VersaXRM-520 was used
to capture three-dimensionéhagesof dry woodchipsand
woodchips that had been immersed in a 3% iodine solution for
either 8 h or one week.The dimensionsof the scanned

DOI: 10.1021/acs.est.9b04829
Environ.Sci.Technol2019,53, 14348-14356
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woodchips were approximately 3.5 x 2 x 5 mamd iodine Table 2.Duplicate Experiment Physical Parameters
was used to enhance phase contrast between the solution and

wood material. Projections were reconstructedto three- AT vx10° (m/s) D x107° (m7s)  peclet#
dimensionalolumes using Avizo Lite (version 9.7.@hase glass beads 1 7.45 0.18 413.9
segmentation was used to quantify ratios of gas-filled to waterglass beads 2 7.67 0.22 348.6
filled pore space by classifying voxels as air-filledoptimes, abiotic static 1 7.13 2.75 25.91
filled pores,wood, or bulk iodine solution,using voxel(3- abiotic static 2 6.40 3.80 16.84
dimensionapixel) intensities in Avizo Lite. abiotic transient 1 7.88 2.19 36.00
abiotic transient 2 7.06 4.81 14.67
3. RESULTS biotic, transient 1 3.63 1.03 35.37
biotic,transient 2 3.84 1.01 38.18

3.1. Tracer Breakthrough Curves in Abiotic Con-
ditions. Tracer breakthrough curves in transigfass bead,

static woodchipand transient woodchip experiments indicate while in the transientwoodchip caseN,O and bromide
that dissolved gas breakthrough was retarded relative to thebreakthrough curves are clearly separadttiough Sk has
bromide tracerbecause ofpartitioning into gas-filled voids  the greatestH value and would experiencethe greatest
(Figure 1) (Table 2). Gases eluted in the order JO, CH,, retardation under equilibrium conditions (eq 4), helium
demonstrated the greatest retardation.
3.2. Model Parameters. From measuregddhd §,, values
—i of 0.59 and 0.31, respectivelyp,, was calculated ad).65,
similar to previously reported vali&s®’Although there was
some variation in YV, estimated by different gases in each
Wo | experimentatondition there was overajood agreement for
s, V{/V.. Consistent with visual observations of negligible bubble
" CH, entrapment in the reactor interporosiy,{V, » values were
Aﬁ”« an order of magnitude lower than overgWy/ values (Table
E S3), suggesting that most gas-filled voids were located in the
woodchip intraporosity and not in the interporositgnsient
woodchip YV, estimates ranged from 0.15 to 0.28 and were
— approximately twice the values in static woodchip experiments
ELEe S ¥ and an order of magnitude largethan those in glasead
experiments (Tables S2 and S3).
3.3. Mass Balances of Gasesin Reactor Compart-
ments Inferred from Breakthrough Curve Analysis. Mass
balancesof N,O and CH , in abiotic static and transient
experimentavere generated based on breakthrough curve
0 . 5 3 p = . ) analysis (Figure 3)with underlying calculations available in
PV the Supporting Informatiorin static woodchip experiments,
C 97-98% ofinjected NO and 86-89% ofinjected CH, are
! Tl NI W sy e s —— exported from the reactor dissolved in the effluent. In transient
0.8 PSS Bt experimentshese valueslecrease to approximately 92 and
Tos [l e S 80-81% for NO and CH,, respectivelylhe balance ofhe
8 o /1/ gk N,O and CH, masseswas retained inside the reactor,
N e presumably in gas-filled voidsis approach does natllow
0 /;’A for disaggregation dhe reactor-retained massto specific
e reactorcompartmentgi.e., flux to the reactorHS during
0 1 2 3 4 5 6 7 8 steady-state flow conditions vs partitioning into trapped gas-
filled voids in the otherwise water-saturated zone).
Figure 1. Bromide and dissolved gas concentrations in the reactor 3.4. Mass Balances of Gasesin Reactor Compart-
effluent (symbols) and modiés (lines) for (A) a glass bead-packed ments through Direct HS Measurements. Direct measure-
reactor; (B) an abiotic woodchip reactor with a static water table; amnts of gas concentrations in the reactor HS before and after
(C) an abiotic woodchip reactor with a transient water tsloidel the water table drawdown were used to determine the role of
fits for (A) are generated using a mobile-immobile interphase masgifferent reactor compartments in gas retention. Gas
transfer kinetic modelnd fits in (B,C) are generated using the dual ;o centrationdn the HS before the watertable drawdown
gﬂmsc',trytiﬁ‘)ﬁ’ff?ﬁ,'ﬂt;ﬂg? model. Duplicate experimentsin the 00 sed to quantify the contribution diffusive water—air
pporting ' flux during steady-state flow. Fluxes to the HS during and after
the water levalrawdown were assumed to represent gas that
C,H;g, SK, and He in the glassbead experimentsyhile in had partitioned into gas-filled voids trapped below the water
woodchip experimentgasesluted in the order N,O, SF; level, which was then released when voids were reconnected to
CH,, C,Hg, and He. Gas tracers were retarded to a greater the HS by the water table drawdown. The allocation of reactor-
extent in the transient woodchip case (Figure 1C) comparedretained gaseinto the HS and trapped gas-filled voidsis
the transientglassbead and static woodchip casd&igure summarized in Figure 3 (righbar of each condition).The
1A,B).In transient glass bead and static woodchip cdses, tracer mass exported in the effluewls estimated from the
N,O breakthrough curve is nearly concurrevith bromide, breakthrough curve analysis.

14351 DOI: 10.1021/acs.est.9b04829
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Figure 2. Overall ¥, estimated with dissolved gas tracer experiments in different media and antecedent hydrologiddiebaditiolos.
indicates the yV, estimation determined for each gasnbering indicates replicate experiments.
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Figure 3.Mass balances dK,O (A) and CH, (B) in abiotic static and

injected into the reactor. For each case, the left bar shows the mass balance inferred from breakthrough curve analysis, and the right bar rep

BC

DM, BC DM,

T T
Transient Case 1 Transient Case 2

transient experimeMasses are normalized to the tatass (M)

the mass balance based on headspace (HS) measurement before and after reaBloedshattige.indicates efflugray shading indicates

retention in the reactogd shading indicates mass in the HS before
Numbering indicates replicate experiments.

draimbgellow shading indicates mass released during reactor drainage.

In static cases, gas transfer to the HS prior to the water tall8-10 and 4.3-14% for N,O and CH ,, respectivelyin

drawdown represents 6.5-8.4 and 4.6-5.9%ud injected
N,O and CH, massrespectivelyFor transientcasesthese
values decrease to 2.9-4.1% fgOMNnd 1.5-1.6% for CH
Partitioning into gas-filled voids accounts for 8.7-9.730 of N
and 7.2-7.9% ofH, mass in static caseEhese values are

14352

transientcasesEstimates ofetained mass based on effluent
breakthrough curves (gray componefttacked bars) were
generally consistent with gas recovery in the reactor HS (sum
of the yellow and red components of stacked bassimates

of retained N,O based on breakthrough curvestypically

DOI: 10.1021/acs.est.9b04829
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underestimated the mas#f N,O recovered by up to 16%,
while breakthrough curve-based estimdtaesCH, typically
overestimated the masscovered up to 13%After reactor
drainagegas masses in the reactor HS stabilized faster in the
glass bead case than in the woodchip cases (Figures S11 and
S12).

3.5. Tracer Breakthrough Curves in Biotic Conditions.
Comparison of simulated,® and CH, breakthrough curves
with observed BD and CH, breakthrough curves allows for
the contribution of microbial N,O and CH , production/
consumptionto be separatedrom gas partitioning into
trapped gas-filled voidss trace gassinks (Figure 4). The

117 (A) g
0.8 . iﬁrz%mide & E:
— #%DO 5
-#o 0.6 Bubble Entrapped N,O 2
o Consumed NZO 2 g
] MEffluent Discharged N,O 8
0.4 2 2
|, S Figure 5. pCT images of woodchips soaked in 3% iodine solution for
0.2 2 8 h (A,B) and one week (Q)A) Shows the originghageand (B)
shows the false color image generated by phase segnirefédgisn.
0 w0 color images (B,Chlue is the iodine solutiomed is the gas-filled
0 05 i 1-5PV 2 25 3 voids yellow is the wet woodchignd green is the dry woodchip.
o (‘B) 4 V4V, estimates from transient tracer experimentspled
K g with measurement®f reactor,, and 6;,, correspond to
0.5 3g woodchip V¢V, valuesduring experimentsof 0.34-0.57
e 5 (detailed calculations are available in Supporting Information).
%81 ., e , 8 Although the YV, values inferred from gas tracer experiments
o, CH, 5 differ somewhafrom the value determined with uCTthey
‘ bl Eiifipied GH S both support the interpretation that a significant fraction of the
02" Consumed CH, L 9 woodchip intraporosity is gas-filled after approximately 8 h of

[mEffluent Discharged CH, immersion in water.

o

0 05 1 15 2 25 3 4. DISCUSSION

Figure 4. Effluentconcentrations d¥,0 (A) and CH, (B) in the 4.1. Partitioning into Gas-Filled Voids in Glass Bead

effluent from biotic experiment measurements (symbols) and modc'e\{lsed'a' Transport ofdissolved gases through the glas_s bead-_
based on gagartitioning (solid lines)DO concentrationgstars) packed reactor was retarded relative to the nonvolatile bromide

were measured with the planaoptode and indicate the average ~ tracer because difie transfer ofjases from the mobile water
concentration in the final third of the reactor. Blue shading represePfi@se to trapped gas phases (FigureFifing the mobile-
mass released from the system in the effiGeatn shading in (A)  immobile interphase massansferkinetic model to break-
representanass consumedby microbial activity. Beige shading through curves yielded/V, estimates 00.01-0.07 similar
indicates mass partitioned into trapped gas-filled voids. to findings in Mohammadian et €015),who used uCT to
determine YV, values of 0.026-0.064 in a 1 mm glass bead
measured BD curve accounted for 51% tfe total effluent media’® Geistlingeret al. reported \YV,, ratios of 0.013-
mass estimated by the simulatgd Bteakthrough curve. The 0.027 in glass bead media based on uCT an@lyéisava et
divergence of these curves, beginning when DO concentratiah§2002) used Sfand krypton in a gas tracer approach to
were ~1 mg/L, illustratesthe effect of microbial N,O estimate bubble entrapmeintsand columnsThey found a
reduction on the hypoxic reactoFor CH,, measured mass valuesfor SF; of 9.31 x 107° t0 7.19 x 10™* s at pore
was 25% greater than effluent mass estimated by the simulatetbcitiesof 0.01-0.04cm/h'®, similar to SF, a values
CH, breakthrough curve, indicating a microbial source,of CHdetermined here of 1.2 x T0to 2.45 x 10* s'! with a pore

3.6. Estimates of Woodchip Intraporosity and V /V, velocity of 0.007 cm/WVhile these and other studies'>334
with uCT. pCT was used to probe the interpate structure  have explored the role of residual gas-filled voids in
of woodchips immersed in 3% iodine solution for either 8 h opartitioning of inert tracersor oxygenthe presentstudy is
one week (Figure 5)Phase segmentation analysis quantifiedthe first to our knowledge to address the effects of partitioning
the gas-filled pore volume inside woodchipg fbrmalized processes for the transportd$O and CH, and explore the
by the totalwoodchip volume (Y. V4V was approximately implicationsfor episodic fluxesvhen waterlevelsfluctuate.
0.32 for a woodchip that had been immersed in solution for 8Nssumptions abou single dissolved gas componertd a
and decreased to 0.09 for a woodchip that had been immerseshstantgas phase volume may notcessarily hold true in
in solution for one weeknalysis of a dry woodchip yielded a these experimentabnditions.The use ofmultiple dissolved
V4V value of0.75,at the upper end ofpreviously reported  gas tracersleadsto a multicomponentsystem,and mass
wood porositie&’ transfer of these gases into entrapped bubbles with concurrent
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dissolution of entrapped oxygen into the mobile aqueous ph&sdbble partitioning) without the influence of microbial activity.
could lead to a variablegas phasevolume. Although the Comparison of simulated breakthrough curves with measured
simpler modeling approachemployed here appropriately N,O and CH curves provides insights into the contribution of
describesneasured breakthrough curvaisd haspreviously  physical-chemicalersusmicrobial processe controlling

been applied to similar multicomponent systértieere may the fate of DO and CH. Microbial consumption is the largest
be detailed features of the data that are better described by &l,0 sink in the reactorwith the rates ofN,O consumption
multicorgnf)ponent model that accounts for variable gas accelerating at approximately 1.5desponding to DO <

volumes: 1 mg/L (Figure 4a)1 mg/L is the approximate DO threshold
4.2. Partitioning into Gas-Filled Voids in WBRs: below which microbialN,O reduction is initiated in pure

Significance of Woodchip Intraporosity. Both static and culture studies’” Although the microbial N,O sink is

transientconditionsin the woodchip media led to greater importantonce the reactoris hypoxic,we estimate thatin

entrapment of gas-filled voids than transient conditions in theviotic experiments]6% of injected NO partitions into gas
glass bead media, indicating that there are characteristics ofgthases and is unavailable for microbial consumption. This may
woodchip media that are more conducive for gas entrapmentiverestimate the true extent ofpartitioning because it is
Transienthydrologicalconditionsled to a larger trapped based on the transpordf an inert gas,while in microbially
bubble volume (YV, from 0.19-0.28) than static conditions active mediasome NO will be consumed before contacting
(V4V, from 0.09-0.14)These values are higher than those gas-filled voidsNonethelesshis finding highlightsthe fact
reported for glass bead or sand medé@gh larger values of that in media with trapped gas-filled voids portion of the
0.28-0.41 have been observed in sandsfone. N,O in the system will be retained in a biologically unavailable
Three linesof evidence pointo entrapmentof gas-filled  form as long as the dissolvg® Moncentration is constalfit.
voids in the woodchip intraporestructureas the primary dissolved BO concentrations decreasiee trapped gas-filled
reservoir ofrapped gas phasésrst, visualinspection othe voids will be a source ofN,O transferback into the water
woodchip media through the reactor transparfact during phase.
tracer experiments showed the negligible presence of bubblesPartitioning of CH, into trapped gas phasesis more
Secondparametergstimated from tracedata showed that  significanthan partitioning ofN,O, due to the larger H for
V¢V, in the mobile domain (i.e.Vy V) was very small  CH,. Approximately58% of the injected CHs estimated to
relative to overallVyV,,, indicating a significantolume of partition into trapped gas-filled voids in biotic woodchip

trapped gasvolume in the stagnantdomain (i.e., in the experimentd.he divergence between simulated and measured
woodchip internal porosity) (Table S3). Finally, uyCT CH, curvesincreasesafter 1.5 PVs, corresponding to the
confirmed that a significant fraction of the woodchip transition to hypoxic conditions and consistent with net CH
intraporosity remaingas-filled afte8 h (Figure 5). V¢V, production occurring under hypoxic to anoxic condifitres.
values determined by inert gas tracers were even higher unasstimateof CH, in trapped gas-filledvoids may be an
transientmicrobially active conditions, reachingvaluesof underestimatebecausedissolved CH, concentrationsin
0.33-0.36 which correspond to 24% difie bioreactompore contact with bubbles are greaterthan those predicted by
volume being occupied by trapped gaphasegFigure 2). inert tracers.

Although the reasondor this are not clear,one plausible 4.4, Environmental Implications. Drying-rewetting
explanationis that biogenic gas formation increasedthe cyclesin a laboratory WBR lead to greaterentrapmentof
volume of trapped gas phases. gas-filled voids within the bioreactor compared to a static water

A key distinction between the glas®ead and woodchip level. Recentresearch hasuggested thadrying-rewetting
media is that the woodchips trap a larger volume of gas-filledtyclesincreasenitrate removalrates in WBRs;*® and the
voids (Figure 2),and these trapped gas phases are primarily USDA’s ConservationPractice Standardfor denitrifying
located in the reactor intraporosity (thee,internal woodchip  bioreactors recommends draining bioreactors during no-flow
pore structure)This has implications for the magnitude and conditions®>® The findings presentedhere suggestthat
timing of trace gas flux to the atmosphere when water tableshydraulicmanagemenbdf WBRs involving dry—wet cycles
fall. For examplefluxes ofN,O and CH, to the reactor HS will enhance entrapment of trapped gas phases, primarily in the
after bioreactor drainage were greater in woodchip than glassoodchip intraporosity Dissolved gasesdn the bioreactor
bead experiments becausé¢hef greater trapping of gas-filled influent,or produced via microbiactivity in the bioreactor,
voids and partitioning of dissolved gasemto these voids will partition into these trapped gas phases. In the ca€e of N
(Figures S11 and S12). Moreover, HS massg3 ahtiCH partitioning into gas-filled voidenakesN,O unavailable for
stabilize after approximately 75 min in glass bead experiments0-reducing microbes and can reduce the extent of microbial
while in woodchip experimentmasses continue to increase N,O reduction in the reactor. These partitioning processes will
through 150 minThe time lag between drainage and flux to also lead to episodic fluxesd$O and CH, emissions when
HS in woodchip experiments could be because of rate-limitediater levels falbecause PO and CH, that had partitioned
transfer out ofthe woodchip intraporositwhile in the glass  into trapped gas phases will be released when trapped bubbles
bead mediagaseswvere released to the HS asoon asthe are liberated. The role of these bubble-mediated‘hot

falling water table reconnectedbubbles trapped in the moments™ of GHG flux will likely be more significanfor

interporosity with the reactor HS. CH, than for N;O because Cllpartitions into bubbles to a
4.3. Separating Effects of Gas Partitioning from greaterextent than N,O becauseof its higher H value.

Microbial Consumption/Production on N ,0 and CH 4 Although the significanceof bubble-mediatedfiuxes, or

Dynamics. In biotic woodchip experimentsparameters  ebullition,of CH, from wetlands and aquatic sediments are
estimated from breakthrough curvesf inert tracerswere  well-knowt, ***the role of bubble-mediated JO fluxes has
used to simulateN,O and CH, behaviorcontrolled by received less attentidxithough some studies have found that
physical-chemicarocesses (e.@dvectiondispersionand bubble-mediated fluxes play a minaale in N,O emissions
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