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The H,-based membrane biofilm reactor (H,—MBfR) is an emerging technology for removal of nitrate
(NO; ™) in water supplies. In this research, a lab-scale H,—MBfR equipped with a separated CO, providing
system and a microsensor measuring unit was developed for NOs;~ removal from synthetic groundwa-
ter. Experimental results show that efficient NO;~ reduction with a flux of 1.46 g/(m?-d) was achieved
at the optimal operating conditions of hydraulic retention time (HRT) 80 min, influent NO3;~ concentra-
tion 20 mg N/L, H, pressure 5 psig and CO, addition 50 mg/L. Given the complex counter-diffusion of
substrates in the H,—MBfR, mathematical modeling is a key tool to both understand its behavior and op-
timize its performance. A sophisticated model was successfully established, calibrated and validated via
comparing the measured and simulated system performance and/or substrate gradients within biofilm.
Model results indicate that i) even under the optimal operating conditions, denitrifying bacteria (DNB)
in the interior and exterior of biofilm suffered low growth rate, attributed to CO, and H, limitation, re-
spectively; ii) appropriate operating parameters are essential to maintaining high activity of DNB in the
biofilm; iii) CO, concentration was the decisive factor which matters its dominant role in mediating hy-
drogenotrophic denitrification process; iv) the predicted optimum biofilm thickness was 650 nm that can
maximize the denitrification flux and prevent loss of H,.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

[electro- catalysis and chemical reduction (Cecconet et al., 2018;
Sevda et al., 2018), are capable of separating or degrading NO3;~

Nitrate (NO3~) contamination of groundwater, primarily from
anthropogenic activities such as intensive agricultural prac-
tices, on-site wastewater disposal and livestock manure manage-
ment, has become a worldwide concern (Liu and Wang, 2019;
Wakida and Lerner, 2005). In China, 70% of population obtains
drinking water from groundwater sources, where fully 90% of shal-
low groundwater suffers from contamination and where NO3;~
is among the dominant pollutants with typical concentrations
ranging from 10 to 100 mg N/L (Qiu, 2011; Su et al, 2013;
Gu et al., 2013; Gao et al., 2020). Physicochemical treatment strate-
gies, e.g., adsorption, membrane filtration, electrodialysis, photo-
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but have difficulties with large-scale applications due to high en-
ergy demand and/or requirements of post-treatment steps, as a
result of inefficient transformation of NOs~ into innocuous N, or
chemical residue occurrence in treated water. Heterotrophic den-
itrification is effective for denitrification but is rarely used due
to the need to add organic electron donors, which are often ex-
pensive, toxic, have handling concerns, and require post treatment
(Cecconet et al., 2018).

The Hy-based membrane biofilm reactor (H,—MBfR) is an
emerging biological system based on autotrophic denitrification
(Wu et al., 2018). It is preferable over heterotrophic denitrification,
as it uses nontoxic and inexpensive H, as electron donor and in-
organic carbon as carbon source (Nerenberg and Rittmann, 2004).
It provides high NO3;~ removal fluxes, low residual organics and
biomass as well as minimal H, loss in the effluent (if designed
and operated appropriately, H, can be fully utilized), and the
reduction of co-occurring oxidized contaminants (e.g., perchlo-
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rate) into innocuous forms (Lee and Rittmann, 2000; Ziv-El and
Rittmann, 2009; Wu et al.,, 2018). In the past decades, a grow-
ing body of literature has investigated and/or simulated the per-
formance of H,—MBfR for a variety of oxidized contaminants
elimination (Karanasios et al., 2010; Martin and Nerenberg, 2012;
Wu et al.,, 2018), which has extended our knowledge on theoret-
ical and practical implications of this technology. So far, however,
the further development and scale-up application of H,—MBIR still
faces challenges such as scalable process design, effective biofilm
management, and a clear understanding of the fundamental prin-
ciples of biofilm behavior (Chen et al., 2019; Martin and Neren-
berg, 2012).

One of most significant characteristics of H,—MBfR is that
hydrogenotrophic denitrification induces the alkalization of the
bulk liquid and increases the pH within the biofilm (Lee and
Rittmann, 2003; Rittmann and McCarty, 2012). The optimal pH
range for hydrogenotrophic denitrification has been reported to be
7.0~9.0, and a pH outside this range may result in lowered deni-
trification rates, the production of undesirable intermediates (e.g.,
NO,~, NO and N,0), or membrane fouling due to precipitation
of existing hardness cations (Wu et al., 2018; Tang et al.,, 2011).
Proven approaches to pH control in H,—MBIfR involve the addition
of phosphate buffer (Ontiveros-Valencia et al., 2012), bicarbonate
(Sahu et al., 2009), hydrochloric acid (Ziv-El and Rittmann, 2009)
and CO, (Tang et al., 2011). It has been conclusively shown that
CO, addition is a more attractive choice for Hp-based autotrophic
process (Wu et al., 2018; Tang et al., 2011). Difficulties arise, how-
ever, in attempts to establish effective measures for precise supply
of CO, in H,—MBfR. An inadequate supply of CO, does not pro-
vide sufficient alkalinity neutralization, while excessive CO, leads
to acidification of bulk liquid, decrease denitrification efficiencies
and may have irreversible damage to the system (Ghafari et al.,
2009).

More recently, Xia et al. proposed a novel H,—MBfR in which
two bundles of hollow fiber membranes (HFMs) were placed in
one flow-cell for bubbleless H, and CO, supply, and the CO,
dosage was deduced according to diffusion coefficient calculation
of HFM (Xia et al., 2015, 2016). However, such an integrated sys-
tem has several practical limitations if it is applied for real ground-
water treatment. For instance, it will increase the difficulty in the
precise addition of CO, and impede the trans-membrane tranfer of
CO, across the HFMs, since the unavoidable occurrence of mem-
brane fouling and biofilm growth on CO, HFMs shall cause the un-
certainty in how much CO, can tranfer into bulk liquid, and the
increase in the intra-membrane pressure; once the leakage of CO,
HFMs happens, the rapid pH drop may greatly impair the microbial
activity. Alternatively, a separated CO, providing system can avoid
above issues. Moreover, a mathematical model that qualitatively
and quantitatively assesses the biomass spatial distribution as well
as the interaction mechanisms of microorganisms in biofilm during
the CO,-mediated hydrogenotrophic denitrification process has not
yet been established.

Herein, we reported an innovative H,—~MBfR which is connected
to a separated CO, providing system for precise addition of CO,,
and equipped with a microsensor measuring unit for in situ moni-
toring of H, and NO3~ concentrations inside the biofilm. The effec-
tiveness for NO3~ removal and the microbial activity were investi-
gated and simulated systematically by means of experimental and
modeling evaluation. The objectives of this work include the fol-
lowing: i) to experimentally evaluate how the system performance
correlates with key operating factors of the CO, source H,—MBfR;
ii) to use in situ detected substrates gradients in biofilm to cali-
brate model, and then to reveal the microenvironment (e.g., chem-
ical gradients and microbial communities structure) of biofilm un-
der the optimal operating conditions using the calibrated model;
iii) to validate the accuracy of the model, and to employ the model

to predict the microenvironment evolutions of biofilm with chang-
ing key influence factors; iv) to figure out the optimal biofilm
thickness that contributes to efficient NO3;~ removal and allows
complete utilization of Hj.

2. Materials and methods
2.1. Experimental set-up

Fig. 1a shows the schematic of the H,—MBfR system made by
square-section glass tubes consisting of a vertically installed main
flow-cell (dimension = 10 x 10 mm, length = 350 mm) in which
a membrane module containing 32 HFMs (HFM200TL, Mitsubishi
Rayon, Japan) was put in the middle, as well as a horizontally in-
stalled side flow-cell (dimension = 6 x 6 mm, length = 280 mm)
where a single HFM was placed inside, and five microsensor ac-
cess ports were mounted at the top. The main and side flow-cells
were connected to the H, tank for pure pressurized H, supply and
the recirculation loop with a pump (Masterflex pump, L/S 16 tub-
ing, Cole-Palmer, USA) at a recirculation flowrate of 80 mL/min
to maintain a completely mixed condition of bulk liquid. Related
information regarding physical characteristics of the H,—MBIfR is
summarized in Table S1. As depicted in Fig. 1b, a microsensor mea-
suring unit comprised of a micromanipulator, a computer and mi-
crosensors (for details, see Section 2.3), was linked to the side
flow-cell through microsensor access ports, with the microsensors
were imbedded into the HFM-attached biofilm for in situ quantifi-
cation of NO3~ and H, inside the biofilm. Note that the flow-cells
were designed as square-section instead of circular-section because
of the need for facilitating the operation of microscope to guide
the orientation and movement of microsensor tip and the precise
measurement of biofilm thickness using optical coherence tomog-
raphy (OCT).

A separated CO, providing system was connected to the
H,—-MBfR for CO, supply (Fig. 1c), in which deionized water
was pumped through the glass tube (dimension = 10 x 10 mm,
length = 350 mm) equipped with a bundle of 10 HFMs pressurized
with pure CO,, and then the generated CO,-riched water in the
reservoir was transferred to the bottom of the H,—MBfR. The in-
fluent of the H,—MBfR was a mixture of contaminants-containing
water and CO,-riched water. The precise addition of CO, can be re-
alized by adjusting metering valve on the CO, tank or altering in-
fluent (mixture) composition (i.e., adjusting the ratio between the
volume of contaminants-containing water and CO,-riched water).
The total CO, dosage was ascertained by theoretical calculation of
CO, demand for carbon source based on Eq. (1) (detailed deriva-
tion process is described in Section S2) and experimental mea-
surement of extra CO, demand for pH control. Such an approach
of bubbleless CO, supply can effectively avoid CO, wasting events
compared to the CO, sparging method that is widely adopted in
commercial-scale MBfRs (Tang et al., 2011), and is applicable to
match seasonally and spatially fluctuating NOs~ loadings that fre-
quently appears in real groundwater treatment processes. There is
a concern that the H,—MBfR with a separated CO, providing sys-
tem may cause dilution issue of influent if it is applied for large-
scale real groundwater treatment, however, the degree of dilution
can be minimized by mixing real groundwater with small volume
of water containing high concentration of CO,, in view of the high
solubility of CO, in water.

4.48H,+NO3 +H*+0.86C0; — 0.17CsH;0,N + 0.41N,+4.38H,0
(1)

The H,—MBfR was inoculated with 5 mL of activated sludge
from South Bend wastewater treatment plant in Indiana, USA.
Start-up of the H,—MBfR began when CO, and H, were supplied
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Table 1
Operating conditions for short-term single-factor experiments.
Experiments  Factor HRT (min) NO;~ (mg/L)*  H, (psig) CO, (mg/L)*  Bulk liquid pH
HRT series HRT 40-180 20 5.0 50 7.5
NO3~ series NOs3~ loading 80 5-40 5.0 50 7.5
H, series H, pressure 80 20 1.0-7.0 50 7.5
CO; series CO, addition 80 20 5.0 5-70 No adjustment

Note: concentrations of NO;~* and CO,* refer to the final concentration of these compounds that enter the main
and side flow-cells after the contaminants-containing water and CO,-riched water was mixed.

to the reactor at a pressure of 4 and 5 psig, respectively, mean-
while the reactor was operated at room temperature (25 + 1 °C)
and fed with influent (detailed composition can be found in Ta-
ble S2) at a flow rate of 0.63 mL/min (resulting in a hydraulic re-
tention time (HRT) of 80 min). Although NO5;~ was always recog-
nized as the first electron acceptor in the case of the co-existence
of NO;~ and SO42~ in H,—MBfRs (Tang et al., 2013; Zhao et al.,
2014; Xia et al., 2013), SO42~ was added as a co-existing pollutant
in the influent due to its ubiquitous presence in real groundwa-
ter. After several months of operation, the reactor reached steady-
state for NO3~ removal (20 mg N/L of NO3~ in the influent could
be reduced by ~75%), and the formed biofilm attached on the sur-
face of the single HFM had negligible changes with a thickness of
825 4 25 pm. It should be emphasized that the 825 pm was the
average biofilm thickness at different positions of HFMs, and the
small deviation among biofilm thicknesses was perhaps due to the
shearing force parallel to the HFMs, the relatively shorter HFMs
length and the two-ends gas supply mode. In all assays, aqueous
samples collected from the influent and effluent were filtered im-
mediately through a 0.22 um polyether sulfone membrane filter
(VWR, USA), and then stored at 4 °C until analyzed.

2.2. Bio-reduction of NO3~ experiments

Short-term and long-term single-factor experiments were con-
ducted to investigate how key operating factors affect NO3~ re-
moval performance of the reactor and/or determine the optimum
operating conditions for denitrification. In short-term experiments,
four series (i.e.,, HRT (40—180 min), H, pressure (1-7 psig), NO3~
loading (5-40 mg N/L) and CO, addition series (5-70 mg/L)) were
tested, for each series, one operating factor varied while main-
taining the others fixed (Table 1); aqueous samples were collected
from the influent and effluent after the H,—MBfR was operated for
5-7 HRTs (which is approachable to HRTs used in existing refer-
ences, e.g., Xia et al., 2016; Zhao et al., 2013a,b). In long-term ex-
periments (in which, operating factor was changed after the main-
taining of at least 40 days to allow the H,—MBfR system to reach
steady-state), only the effect of CO, addition (10-100 mg/L) varia-
tion was evaluated, since the resultant NO3~ removal fluxes at dif-
ferent CO, addition were quite different from those in short-term
experiments, while extending the operation period of each of other
operating factors from 5-7 HRTs to several days or weeks had neg-
ligible influence on the NO3~ removal fluxes of the system. In par-
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ticular, during some long-term experiments, to clarify the role of
CO, only as carbon source in contributing to NO3~ removal, the pH
of bulk liquid with diverse CO, addition was uniformly adjusted to
7.5 by adding 0.1 M HCl or NaOH solution if necessary.

According to the stoichiometric coefficients in Eq. (1), it can
be inferred that the theoretical inorganic carbon source demand
(measured as C) for 20 mg N/L of NO3~ reduction is 14.7 mg/L.
However, according to our preliminary experimental results, NO3~
cannot be completely removed, then 13.6 mg/L (measured as C)
inorganic carbon source (i.e., 50 mg/L CO, or 95 mg/L NaHCO3)
was added in the following experiments. Given that HCO3~ is
the dominant existence form of inorganic carbon source in real
groundwater (Stumm and Morgan, 1996), and the phosphate buffer
(434 mg/L Na,HPO4 + 128 mg/L KH,PO,) is widely applied for pH
control in H,—MBfR (Chung et al., 2007; Xia et al., 2010), therefore,
in order to demonstrate the superiority of CO, as the sole carbon
source and pH regulator in hydrogenotrophic denitrification pro-
cess, batch experiments were performed at the optimal operating
conditions (ascertained by the results of short-term single-factor
experiments) under three scenarios: in Scenarios 1 and 2, the con-
centration of CO, and NaHCOs5 in the influent was controlled at 50
and 95 mg/L, respectively, while in Scenario 3, 95 mg/L NaHCOs,
434 mg/L Na,HPO4 and 128 mg/L KH,PO, were added to the in-
fluent.

2.3. Analytical procedure

The performance of H,—MBfR for contaminants elimination was
evaluated by analyzing the concentrations of NO3~, NO,~ and
S042~ in influent and effluent. Concentrations of aquatic NO;~,
NO,~ and SO42~ were detected by ion chromatography (ICS-2500,
Dionex, USA) coupled with a Dionex AS-19 column (4 x 250 mm,
4 um) using 55 mM NaOH solution as eluent. The pH of bulk lig-
uid was continuously monitored with a pH meter (Accumet AB250,
Fisher Scientific, USA). An acid-base titration method was used to
determine the CO, concentration in CO,-riched water (Hach, 1992).
The effluent dissolved inorganic carbon (DIC) concentrations were
determined by the coulometric method using a UIC CM150 carbon
analyzer equipped with a CM5017 CO, coulometer (UIC Inc., USA)
(Byrne, 2014). Biofilm thickness was detected by OCT (Ganymede-
II, Thorlabs, Germany) during the whole experimental period.

Contaminant removal flux (J) in g/(m2.d) was calculated by
Eq. (2) (Lai et al., 2014; Zhao et al., 2014).

J= %(Sinf — Serr) (2)

where Q is the influent flow rate (m3/d), A is the membrane sur-
face area (m2), Siyr and S are the contaminant concentrations
(g/m3) of influent and effluent, respectively.

For determination of NO3;~ and H, gradients inside biofilm,
two types of microsensors were used in the microsensor mea-
suring unit (Fig. 1b), one of which is a H,25 microsensor that
is assembled with a microprobe (tip diameter = 20-30 um) for
H, detection, was obtained from Unisense A/S Corp. (Denmark);
while for measurement of NO3~, another potentiometric LIX (lig-
uid ion-exchange) microsensor coupled with a microprobe (tip di-
ameter = 20-50 wm) was prepared according to protocols stated
elsewhere (Lewandowski and Beyenal, 2013). The potential dif-
ference produced by microsensors was monitored by either a
pH/mV meter (Unisense A/S, Dennmark) or a multimeter (Unisense
A/S, Dennmark). An automated micromanipulator (Model MM33-2,
Unisense A/S, Denmark) equipped with a stereo-zoom light micro-
scope (Cole-Palmer, USA) and a light source (Dolan-Jenner MI-150,
Cole-Palmer, USA) was employed to control and visualize the mi-
crosensors movement. NO3~ and H, profiles measurements were
performed at spatial intervals of 25 pm across the biofilm.

2.4. Mathematical model

2.4.1. Model framework development

Aiming at the in-depth interpretation of microbial metabolic
process for contaminants and a better prediction of mechanism-
associated components distribution/localization inside biofilm, an
optimized mathematical model was developed (detailed informa-
tion concerning the modeling framework can be found in Sec-
tion S1), on the basis of a classical one-dimensional (1-D) counter-
diffusional biofilm model which is proposed by Rittmann’s group
(Tang et al., 2012), by introduction into the calculated stoichiomet-
ric coefficients (relevant calculation procedure and results can be
found in Section S2 and Table S3, respectively), and the expanded
process kinetic rate equations. Note that the expansion of the mi-
crobial metabolic process kinetics refers to the fact that different
from existing models, the synchronous effects of inorganic carbon
source and bulk liquid pH on microbial growth were considered in
the developed model (see Table S4).

2.4.2. Model solution and calibration

The model solution algorithm was implemented in the
AQUASIM 2.1 g simulation platform (Reichert, 1994), by inputting
process kinetic rate equations (see Table S4), as well as stoichio-
metric matrix, stoichiometric parameters and kinetic parameters,
experimental parameters, physical parameters, (see Table S3, S5,
S6, S7, respectively). Illustration for parameters selection can be
found in Section S3. In particular, some parameters (i.e., mass
transfer coefficient for H, of the HFM (Kp,), half-maximum-rate
concentrations of CO, for DNB (K'c)ng) and sulfate reducing bacte-
ria (SRB) (Kgg‘;)) are unavailable in the literature, and then were
estimated by fitting the simulated NO;~ removal fluxes as well
as NO3;~ and H, profiles to the experimental measurements at
the optimal operating/simulation conditions in this work. Detailed
information concerning the calibration and sensitivity analysis of
those parameters is described in Section S4.

2.4.3. Model evaluation and validation

The following scenarios were simulated using the calibrated
model: i) we simulated steady-state biofilm under the optimal
operating conditions to reveal the inherent characteristics of the
biofilm of CO, source H,—MBIR in terms of soluble and particulate
components profiles, process kinetic rates and particulate com-
pounds distribution, besides comparing the measured and simu-
lated NO3~ and H, gradients/profiles in biofilm and the NO3~ re-
moval fluxes of the system to preliminarily validate the accuracy
of model; ii) effects of key operating factors on characteristics of
biofilm with a certain thickness were evaluated by the model, and
by comparison of the measured and simulated system performance
to further validate the accuracy of model; iii) the measured and
simulated NO3;~ removal fluxes and substrates gradients of steady-
state biofilms in the cases of inorganic carbon source being and not
being considered as a limiting factor were compared to demon-
strate the advantage of incorporating the effect of inorganic car-
bon source on autotrophs growth into microbial metabolic process
kinetics; iv) NO3~ removal fluxes and characteristics evolutions of
the steady-state biofilms with different thickness were simulated
and compared to elucidate the optimal biofilm thickness based on
goodness of performance criterion (Lee and Rittmann, 2002). Over-
all, six scenarios (Scenarios E1-E6) were simulated for model eval-
uation (see Table S8). It is worth noting that to further validate
the accuracy of model, the experimental measurements in short-
term and long-term single-factor experiments were used to com-
pare the model predictions in Scenarios E2-E4 and Scenario E5, re-
spectively; in Scenarios E3 and E4, the measured NO3~ removal
fluxes at H, pressure of 3-7 psig and influent NO3;~ concentra-
tions of 10-30 mg N/L were used to validate the model was mainly
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removal fluxes of the system, NO;~ and NO,~ concentrations in the effluents as well as pH of the bulk liquid. Experimental conditions of plots (a)-(d) are shown in Table 1.

Note that except for CO, series, in other series, bulk liquid pH was controlled at 7.5.

because of the extensive use of these concentrations/pressure in
preceding H,—MBfRs and/or operation safety consideration; in Sce-
nario E5, the measured NO3~ removal fluxes, NO3~ and H, gradi-
ents, effluent DIC concentrations of steady-state system and evo-
lution trend of effluent NO3~ concentration were used for model
validation.

3. Results and discussion
3.1. Experiment-based assessment of denitrification performance

Four series of short-term single-factor experiments were carried
out to evaluate the effects of key influence factors such as HRT, H,
pressure, influent NO3~ concentration and CO, addition on denitri-
fication performance of the CO, source H,—MBfR (Fig. 2). It can be
inferred from parts a-d of Fig. 2 that inappropriate selection of op-
erating conditions could give rise to the accelerated SO42~ reduc-
tion (>0.20 g/(m2-d) and/or NO,~ accumulation, which are rec-
ognized as unwanted processes and should therefore be avoided
whenever possible; the optimal operating conditions are as fol-
lows: HRT = 80 min, H, pressure = 5 psig, influent NO3~ con-
centrations = 20 mg N/L and CO, addition = 50 mg/L. More
detailed analysis concerning the H,—MBfR performance variation
with changing key influence factors can be found in Section S5.
Further batch experimental results demonstrate the superiority of

CO, as the sole carbon source and pH regulator over either bi-
carbonate (the dominant form of inorganic carbon source in real
groundwater) or bicarbonate + phosphate buffer (extensively used
pH regulator for H,—MBfR) (for more details, see Section S6 and
Fig. S3). In view of the fact that the denitrification rate of the CO,
source H,—MBfR as a function of above influence factors and the
advantages of CO, addition have been confirmed as above and/or
previously suggested (Tang et al., 2011; Xia et al., 2015, 2016), we
focus in this study on establishment of an accurate model to give
insight to the nature of CO,-mediated hydrogenotrophic denitrifi-
cation process, and to serve as an effective prediction tool to guide
the design and management of the CO, source H,—MBfR for its
prospective application in groundwater treatment.

3.2. Model calibration and evaluation at the optimal
operating/simulation conditions

The selected parameters K, K'gng and KZRB were estimated us-
ing AQUASIM built-in iterative algorithms to minimize the sum of
squares of the weighted deviations between the experimental mea-
surements and model predictions, detailed calibration information
can be found in Section S4. According to sensitivity analysis re-
sults (for details, see Section S4), the measured H, and NO3™ gra-
dients within biofilm were insensitive to the changes of Kgng and
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Ké%‘; but sensitive to Ky, variation (Fig. S2). Similar results were
obtained by preceding work that the experimental measurements
were insensitive to the changes of half-maximum-rate concentra-
tions (K) of microorganisms for substrates in Hy—MBIfR (Tang et al.,
2013). In addition to contributing to the commensurable simulated
and measured denitrification fluxes (1.45 vs. 1.46 g/(m?-d)), by cal-
ibration of the Kp, K&';‘zg and Kgg‘; to reasonable values, the sim-
ulated and in situ detected profiles of H, and NOs~ under the
optimal operating/simulation conditions could reach a good agree-
ment with the corresponding coefficients of determination (R%) up
to 0.99 and 0.98, respectively, as shown in Fig. 3a. With a high ac-
curacy (which will be further validated later), this model, which
was calibrated for the first time based on data relating to con-
centration gradients of H, and NOs;~ in the biofilm of H,—MBfR,
holds the potential to be used as a reliable tool to interpret
and predict the denitrification-related behaviors of the CO, source
H,—-MBfR.

As can be also seen from Fig. 3a, the substrate gradients of
the steady-state biofilm with a thickness of 825 4+ 25 pum coin-
cide with the typical characteristics of counter-diffusional biofilms
(Nerenberg, 2016), namely, the decreased quantity of electron
donors (H,) and acceptors (NOs~) with increasing distance from
the membrane side (i.e., zero point of depth) and bulk liquid side,
respectively; according to the simulated and/or measured pro-
files, concentrations of NO3~ (Syo3) across the biofilm were al-

ways much higher than Kﬁgf regardless of depths, while Sco, and
Sy were observed to be lower than Kgg’z‘a and KBZNB at depths be-
low 162.5 um and beyond 637.5 um, respectively. The results of
particulate components distribution and microbial growth rates in
parts b and c of Fig. 3 suggest that a depth of 162.5 wm was the
location where the dominant microorganisms were heterotrophic
bacteria (HB) with a fraction reaching 49.9% of particulate compo-
nents, beyond this depth the competitive capacity of HB began to
decrease sharply, and the faction and growth rate of DNB started
to increase exponentially. In spite of the H, limitation at depths
of 637.5-825 um (Fig. 3a), DNB were still the overwhelming mi-
croorganisms with a fraction of nearly 80% (Fig. 3b), perhaps due
to the relatively higher growth rates of DNB than HB and SRB at
depths of 637.5-712.5 um (Fig. 3c), as well as the outward migra-
tion of DNB driven by their fast-growing in the midst of biofilm.
The spatial distribution of other components (i.e., inert organics
(10), extracellular polymeric substances (EPS) and soluble microbial
products (SMP)) can be explained as follows: as shown in Fig. 3b,
the decrease in fraction of 10 with increasing depth was ascribed
to the increased growth rates of HB and DNB (Fig. 3c), since the
growth rate of 10 is constant, the increase in the growth rates of
other particulate components shall inevitably make 10 less com-
petitive for space (Tang et al., 2012); the accumulation of EPS in
depths beyond 162.5 pum was incurred by i) the increase in EPS
secretion of DNB as a result of the dramatic increased fraction of
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DNB (Fig. 3b), and ii) the reduced EPS consumption due to the fact
that HB, which grows based on hydrolyzed EPS (i.e.,, SMP), began
to lose their competitive advantage over DNB for space because
beyond 162.5 um carbon source was no longer a limiting factor
for DNB growth (Fig. 3a), and as a consequence, suffered the de-
creased percentages in particulates and growth rates (Fig. 3b and
c); the increase of SMP content at depths larger than 162.5 um
was attributed to the increase in fraction and hydrolysis rate of
EPS (Fig. 3a and c).

3.3. Model evaluation and validation of the effects of key influence
factors

Further simulation was performed to evaluate the impacts of
key influence factors (i.e., HRT, H, pressure, influent NO3;~ con-
centration and CO, addition) on system performance and biofilm
microenvironment. Fig. 4a-d compare the simulated and measured
NO3~ removal fluxes as a function of changing key influence fac-
tors. Note that different from HRT, H, and NO5~ series, for CO, se-
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ries, the measured NO3;~ removal fluxes in long-term single-factor
experiments were adopted to compare the model predictions, since
the H,—MBIR failed to reach steady-state after the operation of
short-term (5-7 HRTs) CO, addition. It can be seen from parts
a-d of Fig. 4 that in most cases, there is a high level of consis-
tency between the measured and simulated NO3~ removal fluxes.
The only exception was for the condition with 10 mg/L CO, ad-
dition without pH adjustment (Fig. 4d). This is because the re-
sultant bulk liquid pH reached 9.6, which is beyond the effective
pH range (below than 8.5) applicable to the normalized Michaelis
pH function for prediction of pH-dependent denitrification rates
(Estuardo et al., 2008). Fig. 4e plots the effect of long-term CO,
addition with and without pH adjustment on the time course of
the measured and simulated effluent NOs~ concentration. It is ev-
ident that experimental measurements and model predictions co-
incide well with a R of 0.92, which is comparable to the accu-
racy of the model outputs of preceding models (R? = 0.8-0.99)
developed on the same AQUASIM simulation platform (Chen and
Ni, 2016; Xu et al., 2014). Fig. S4a-e compare the measured and
simulated steady-state H, and NOs;~ gradients/profiles as well
as effluent DIC concentrations in the case of diverse CO, addi-
tion with and without pH adjustment. The good agreement be-
tween the measured and simulated results in all cases suggests
the availability of the calibrated model to predict the utilization
capacity of the biofilm for substrates. Taken together, above evi-
dences further validated the high accuracy and reliability of the
model.

3.3.1. Model evaluation of the effect of HRT

Fig. 5a and b plot the simulated profiles of substrates includ-
ing Hy, NO3~ and CO, in the biofilm at HRTs ranging from 20 to
180 min. As the HRT increased, the increasing abundance of H,
was observed along the depth of biofilm, and the off-gassing of H,
occurred at a HRT of 180 min (Fig. 5a); while opposite trends were
found in NO3~ and CO, profiles, that is, total amounts of NO3~
and CO, in the biofilm decreased with increasing HRT (Fig. 5a and
b). This phenomenon is unsurprising given that influent NO3;~ and
CO, concentrations are invariables, increasing HRT gave rise to the
decrease in NO3~ and CO, loadings; while the H, loading is unre-
lated to HRT, but H, and NOs;~ are electron donor-acceptor pairs
that are always proportionally consumed by DNB, therefore, the
decreased NO3~ loading with increasing HRT inevitably resulted in
the increase in the accumulation of H, in the biofilm. Fig. 5c shows
the fractions of DNB along the depth of biofilm as a function of
different HRTs. At a lower HRT (e.g., 20 min), DNB were always
the dominant microorganisms in diverse depths of biofilm, which
accounted for approximately 80% of particulate components; once
the HRT was greater than or equal to 80 min, the inactive zone for
denitrification (where the fraction of DNB was lower than 5% of
particulate components) formed with its range extended from 0-
162.5 pum to 0-412.5 pum as the HRT increased from 80 to 180 min.
The decreased quantities of DNB in the biofilm at higher HRTs
(80-180 min) were likely due to the increasing degrees of carbon
source deficiency that are doubtlessly detrimental to DNB growth
in the interior of biofilm (Fig. 5b). This is in accordance with the
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simulation results of DNB growth rates at varying depths of biofilm
in Fig. 5d that at higher HRTs, the growth rates of DNB those were
present in the interior of biofilm approached to null. On the basis
of model analysis, it can be concluded that increasing HRT could
lead to the enlargement of inactive zone for denitrification, which
helps explain the experimental results in Fig. 2a that the NO3~ re-
moval flux of the system decreased with increasing HRT.

3.3.2. Model evaluation of the effect of H, pressure

Similar to the effects of different HRTs, increasing H, pressure
from 1 to 15 psig also caused more abundant accumulation of H,
and reduced concentrations of NO3;~ and CO, in the biofilm, as
shown in Fig. 6a and b. Specifically, model outputs in Fig. 6a sug-
gest that a H, pressure of 15 psig caused the off-gassing of H,.
This result is inconsistent with our long-term experimental obser-
vation as mentioned earlier that the off-gassing of H, happened
at the H, pressure of 7 psig. The discrepancy between simulated
and experimental results can be attributed to the fact that in sim-
ulation scenario, a 15 psig of H, supply exceeded the theoreti-
cal demand of microorganisms in the biofilm for electron donors,
while for actual scenario, long-term operation of membrane with
a 7 psig of H, spoiled the membrane structure, and as a conse-
quence, the off-gassing events of H,. These findings indicate that
the development of membrane substratum possessing high anti-
pressure capacity is essential to i) improve the consistency of ex-
amined and model-predicted results, since the solution of most ex-
isting 1-D models was implemented on AQUASIM platform, which,
do not consider the impacts of intra-abdominal gas pressure on

membrane structure, and ii) take full advantage of the potential
of biofilm for H, utilization, and consequently more efficient con-
taminants removal. Owing to the decreasing abundance of CO, in
the interior of biofilm with increasing H, pressure (Fig. 6b), the
inactive zone for denitrification was enlarged from 0-112.5 um at
H, pressure of 1 psig to 0-337.5 um at H, pressure of 15 psig
(Fig. 6¢), with this result coinciding with the decreasing tendencies
of DNB growth rate with increasing H, pressure at same depths
in the interior of biofilm, as revealed by Fig. 6d. As can be also
found in Fig. 6d, low H, pressure resulted in different degrees
of DNB growth restriction in the exterior of biofilm; for instance,
at a H, pressure of 1 psig, the DNB growth rate at the depths
of 637.5-825 um were close to zero. This finding helps explain
the increasing NO3~ removal flux of the system as the H, pres-
sure increased (Fig. 2b), though at high H, pressure, the growth
of DNB in the interior of biofilm was restricted by carbon source
deficiency. Given the fact that the unexploited zone of the biofilm
where the DNB growth rate approached null existed at the mem-
brane side or bulk liquid side whatever H, pressure was employed,
the management of biofilm thickness might be the optimal strat-
egy for enhancing the effectiveness of biofilm for contaminants
removal.

3.3.3. Model evaluation of the effect of influent NO3~ concentrations

The simulated profiles of H,, NO3~ and CO, in the biofilm at
influent NO3~ concentrations ranging from 10 to 30 mg N/L are
shown in Fig. 7a and b. The off-gassing of H, appeared at influent
NO3~ concentration of 10 mg N/L, likely associated with the lack
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of electron acceptors for DNB in the interior biofilm to consume
electron donors (H,). This is supported by the experimental find-
ings that the SO42~ removal occurred at influent NO3;~ concentra-
tions of < 10 mg N/L (Fig. 2¢), in view of the fact that the onset of
S042- reduction begins when NO;~ is almost completely reduced
(Tang et al., 2010; Ziv-El and Rittmann, 2009). In the inner layer
of biofilm, carbon source deficiency events occurred when influent
NO3~ concentrations of > 20 mg N/L were employed (Fig. 7b). Note
that the simulated NO;~ concentrations across the biofilm were
significantly increased as the influent NO3~ concentration was in-
creased from 20 to 30 mg N/L, which can be explained by the
biomass limitation of DNB in biofilm. As shown in parts ¢ and d
of Fig. 7, despite the similar DNB fractions of the biofilms in the
depths of 262.5-587.4 um at influent NO3~ concentrations of 20
and 30 mg N/L, the higher DNB growth rates were observed at in-
fluent NO3~ concentrations of 30 mg N/L, implying the increased
DNB activity with increasing NOs~ loading in the central region
of biofilm. On the other hand, the increase of DNB activity means
the more consumption of H, and CO, in this region, and conse-
quently the shortening of the coverage range of H,, CO, and DNB
in the entire biofilm (Fig. 7a—c). This might be the reason why the
growth rate curve of DNB became narrower and steeper as the in-
fluent NO3~ concentrations was increased from 20 to 30 mg N/L.
Moreover, in the combination of Figs. 2c and 7d, one can infer that
the slow growth rate of DNB induced by the absence of NO3~ in
the interior and central region of biofilm should account for the
relatively low NOs~ removal flux of the system at influent NO5~
concentration of 10 mg N/L.

3.3.4. Model evaluation of the effect of CO, addition

It can be also seen from Fig. 4d that a low addition of CO, (e.g.,
10 or 25 mg/L) led to an obviously lower NO3;removal flux than
the optimum CO, addition of 50 mg/L, regardless of whether the
bulk liquid pH was adjusted (or, in other words, the bulk liquid pH
was maintained at 7.5 or without control). The possible underly-
ing mechanism is that the long-term shortage of carbon source led
to the decrease in quantity and activity of DNB in the biofilm due
to endogenous carbon metabolism. This is supported by the model
outputs that in the case of a low addition of CO,, H, and NO3~
was not completely utilized by the biofilm and CO, was scarce in
most region of biofilm (Fig. 8a and b), and as a result of carbon
source limitation, DNB were not the dominant microorganisms and
had no activity (growth rate approached null) at the majority of
biofilm depths (Fig. 8c and d). Furthermore, as shown in Fig. 4d,
a high addition of carbon source (i.e., CO, addition = 100 mg/L)
with pH adjustment resulted in a NO3~ removal flux approximate
to that of 50 mg/L CO, addition with/without pH adjustment, but
obviously higher than that of same carbon addition without pH ad-
justment (bulk liquid pH =6.1), suggesting the negative impact of
excessive CO, addition on NO3~ removal of DNB. This finding is
consistent with previous references that a pH below 7.0 usually
led to lowered denitrification rates due to the obstruction of mi-
crobial function (Ghafari et al., 2010, 2009), and supported by the
model outputs that when CO, addition was 100 mg/L, no pH ad-
justment gave rise to the reduced substrates utilization efficiency
of biofilm and the decreased growth rates of DNB in the midst of
biofilm (Fig. 8a, b and d). Above evidences allow us to conclude
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that the dominant role of CO, in mediating hydrogenotrophic den-
itrification process was depending on CO, concentration, given that
carbon source and bulk liquid pH was the main limiting factor for
NO3;~ removal rate of DNB in the case of CO, addition below and
beyond 50 mg/L, respectively; CO, addition should be cautiously
considered and precisely controlled because more or less CO, ad-
dition was detrimental to maintaining high denitrification perfor-
mance of the H,—MBfR.

3.4. Model evaluation of the effect of biofilm thickness

As have been pointed out by preceding references (Martin et al.,
2013; Wu et al., 2018), insufficient and excessive thick biofilms al-
ways lead to unsatisfactory NOs;~ removal fluxes of H,—MBfR due
to biomass and/or substrate limitation. In this sense, exploring the
optimal biofilm thickness is of great importance to full exploita-
tion of denitrification potential of CO, source H,—MBfR, in view of
the possible discrepancy between the practical and desirable thick-
ness of biofilm. Fig. 9a-c plot the simulated concentrations of H,,
NO3~ and CO, and DNB growth rates in the biofilm at postulated
biofilm thicknesses ranging from 200 to 1000 pm. It is evident
that i) NO3~ concentrations across the biofilms were not the de-
cision factor for restriction of DNB growth in all biofilms with di-
verse thickness; ii) biofilms with higher thickness (e.g., 800 and
1000 pm) suffered from low DNB growth rates in the outer re-
gion of biofilms, and a biofilm thickness of 650 pm contributed
to relatively high DNB growth rates in most regions of biofilm on
the premise that H, utilization efficiency approached 100%, while

the biofilm thicknesses of 200-600 pum resulted in wasting H, con-
centrations of 38.1-1559.8 ug/L, orders of magnitude high than the
recommended liquid-phase H, concentration (9 pg/L) in H,—MBfR
(Lee and Rittmann, 2002); iii) the carbon deficiency events ap-
peared and became the main limiting factor for DNB growth in the
inner region of biofilms at biofilm thicknesses of > 400 pm.

Fig. 9d compares the NO3;~ removal fluxes at diverse biofilm
thicknesses with the result showing the highest denitrification rate
at a biofilm thickness of 600 um. Despite this, the 650 pm was
regarded as the optimal biofilm thickness considering that the
biofilm thickness of 650 pm contributed to a relatively high NO3~
removal flux of 1.59 g/(m?-d), which is merely decreased by 2.4%
compared to that at 600 um, but led to the complete utilization of
H,, which can avoid electron wasting and formation of explosive
atmosphere issues (Lee and Rittmann, 2002). Moreover, it is no-
ticeable that compared to the experimentally determined denitrifi-
cation rate (1.46 g/(m2-d)) at same conditions, the NO3~ removal
flux of the system could be further increased by 9.1% theoretically
if the thickness of biofilm was decreased from 825 pum to 650 pm.
The characteristics of microbial structure within biofilm at differ-
ent thicknesses ranging from 200 to 1000 pm are shown in Fig. 10.
For thin biofilms with thickness below 475 pm, DNB was the dom-
inant microorganisms (accounting for nearly 80% of particulate
components), as outlined in Fig. 10a-c. The relatively low NO3~
removal flux of thin biofilms shown in Fig. 9d can be attributed
to the biomass limitation. While for the thick biofilms with thick-
ness higher than 475 pm (e.g., 650-1000 pum), DNB growth was
subject to the greater diffusional resistance of substrates, for in-
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Fig. 9. Model evaluation of (a) H, and NO;~ and (b) CO, profiles, (c) growth rates of DNB along the depth of biofilms, and (d) NO3~ removal fluxes of the system as
a function of biofilm thicknesses ranging from 200 to 1000 pm (Scenario E6). Simulation conditions: bulk liquid pH = 7.5, H, pressure = 5 psig, HRT = 80 min, CO,
addition = 50 mg/L and influent NO3~ and SO42~ concentration was 20 mg N/L and 20 mg S/L, respectively. Zero point of X axis is membrane side, while depth is the

distance from the membrane side.

stance, SRB and/or HB overcame DNB for space in the inner region
of biofilm due to the limited inward transfer of CO, (Fig. 10d-f); in
particular, despite the highest fractions of DNB in the outer region
of biofilm, those DNB possessed low growth rate due to the lim-
ited outward transfer of Hj, as illustrated by combined analysis of
Fig. 9c and Fig. 10d-f. These evidences help interpret the decline in
NO3~ removal flux of the system with increasing biofilm thickness
at biofilm thickness higher than 600 pm.

3.5. Implications of this work and research opportunities

This study was undertaken to evaluate the process performance
and give insight into the nature of the interaction mechanisms of
microorganisms in the biofilm of a novel CO, source H,—MBfR
system. The optimization design of the set-up configuration was
realized by linking the H,—MBfR to a separated CO, providing
system for more precise CO, addition, and to a versatile mi-
crosensor measuring unit which can provide in situ collected data
that can be not only used for the mathematical model develop-
ment, but offering guidance to the management of the H,—MBfR
if it is applied for real groundwater treatment. A more sophisti-
cated model was established for capturing the microbial behaviors
in the CO,-mediated hydrogenotrophic denitrification process, ex-
panded by consideration of the synchronous effects of inorganic
carbon source and bulk liquid pH on the microbial metabolic pro-
cess kinetics of microorganisms, and calibrated by comparison of
the measurements (i.e., substrates gradients in the biofilm of the
H,—-MBIfR) of the microsensor measuring unit and the model pre-
dictions. The model was validated to own a high accuracy in pre-

dicting the system performance in different simulation scenarios,
and have better application potential for describing denitrification
process in H,—MBfR when compared with the one without consid-
ering the impacts of inorganic carbon source (for details, see Sec-
tion S7 and Fig. S5). In addition, this work bridged the knowledge
gap in evolution trends of biofilm microenvironment when CO,
was utilized as inorganic carbon source and/or pH regulator of a
H,—-MBfR.

It is worth mentioning that although the optimal biofilm thick-
ness for a H—MBfR can be deduced by the developed model,
it is still of great importance to undertake further experimental
research for verifying whether the most efficient NO3~ removal
can be achieved as the biofilm is controlled at the predicted op-
timal thickness, by means of the well-established physicochemi-
cal approaches for biofilm thickness management (e.g., intermit-
tent ultrasound treatment (Lee and Rittmann, 2002) and chemi-
cal reagents dosage (Splendiani et al., 2006)). In order to further
our understanding of the impacts of key influence factors on the
H,—MBIfR performance, more efforts should be paid to simulate
the performance variation of the system with the simultaneous
change of multiple influence factors using the proposed model.
Meanwhile, the generalization ability of the proposed model (i.e.,
the applicability to simulate the microbial metabolic processes for
other pollutants removal in diverse biofilm systems) also mer-
its further evaluation in the future study. Additionally, effective
method for in situ monitoring of CO, concentration in the biofilm
is yet to be developed, which is conductive to providing direct ev-
idence for spatial distribution of carbon source that can be used to
calibrate biofilm model and guide the operation of H,—MBfR.
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4. Conclusions

A novel H,—MBfR integrating a microsensor measuring unit for
in situ detection of electron donors (H,) and acceptors (NO3~) con-
centrations gradients within biofilm and a separated CO, provid-
ing system for carbon source addition and pH control was devel-
oped and experimentally proved to possess the optimal denitrifi-
cation performance and minimized undesirable processes at HRT
80 min, influent NO3~ concentration 20 mg N/L, H, pressure 5 psig
and CO, addition 50 mg/L. Following batch experiments further
demonstrates the superiority of CO, as the unique carbon source
and pH regulator. For in-depth illustration of the denitrification-
related mechanisms, a model with expanded microbial metabolic
process kinetics and high fidelity was proposed, calibrated and val-
idated by comparing the simulated and measured system perfor-
mance and/or substrate gradients within biofilm under different

simulation scenarios, and the optimization of parameters including
Km, KCDg'ZB and KSSS. Simulation results reveal the biofilm microen-
vironment evolutions with changing key influence factors, which
can mechanistically explain the short-term or long-term single-
factor experimental findings that the macroscale process perfor-
mance of the H,—MBfR was sensitive to HRT, H, pressure and in-
fluent NO3~ concentration and CO, addition; the optimum biofilm
thickness was predicted to be 650 pm which guarantees a rela-
tively high denitrification flux while avoiding the off-gassing of H,.
Owing to the advantages involving the precise supply of CO, and
online monitoring of biofilm microenvironment, the developed sys-
tem with good reliability and flexibility may serve as an attractive
candidate for NO3~ removal from groundwater, and the proposed
model offers a powerful tool to guide the maintaining and man-
agement of the system.
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