














uptake by algae is needed to identify the mechanisms involved, which will be helpful to understand
the fate of cations in HAPIX reactors.
4.4.3 Biomass Production

As discussed in Section 4.4.1, the addition of chabazite decreased the FA concentration
below the toxic level for algae at all dosages. Algae biomass in all the HAPIX reactors increased
from 500 mg L* to over 1500 mg L™ by Day 8 prior to harvesting (Figure 4.3). However, inhibition
of algae growth due to the high NH4* concentrations of the centrate (>1,000 mg N L) was
observed in the algal control reactor without chabazite addition. Algae in 1A-60 and IA-150
reached peak biomass concentrations on Day 8. However, algae in 1A-250 reached steady state
after only 6 days due to the relatively lower NH4" concentrations in the aqueous phase.

During Phase 3, a longer lag period for the algae growth was observed due to the constant
low NH4" concentrations in the aqueous phase. The total biomass harvested over the three phases
from 1A-60, 1A-150 and 1A-250 were 1,587 mg, 1,248 mg and 1,187 mg, respectively. More
biomass was harvested from the reactor with lower chabazite dosage. Supernatant was recycled in
the reactors during Phases 2 and 3, thus less cations were available for IX with NH4" adsorbed in
the solid phase. Introducing fresh centrate with selective cations and creating a concentration
gradient between the aqueous and solid phases may increase the selective reversal of NH4*
desorption to the aqueous phase. Additionally, the growth of biofilm on the surface of chabazite
during the latter periods of Phases 2 and 3 may have inhibited mass transfer of NH4" from the
chabazite to the aqueous phase. A longer lag period is required to stimulate algae growth when

less NH4" is available in the aqueous phase.
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Figure 4.3: Algal biomass growth over time. Arrows indicate algae harvesting

4.4.4 Effect of Zeolite Dosages on Intracellular Contents of Biomass

The intercellular contents of algae were regulated by the NH4™ concentrations, which could
be controlled by modifying chabazite dosages in HAPIX reactors. In this study, protein contents
of the harvested biomass ranged from 27.7% to 57.1% (by dry weight) and were much higher than
starch or lipid contents at all chabazite dosages (Figure 4.4). Algae grown in IA-60 had a
significantly higher protein content (43.9 and 53.7 % for Phase 1 and Phase 3, respectively) in the
biomass than 1A-150 and 1A-250, while differences between protein contents of algae harvested
in chabazite dosage at 150 g L and 250 g L™ were not significant (P=0.73). Prior studies have
shown that protein in algae are mainly enzymatic proteins, which could be useful as an animal feed
source (Becker 2007).

The starch contents of biomass in 1A-60, 1A-150, and IA 250 during Phase 1 were 6.8, 4.8
and 2.8 % by dry weight, respectively. The starch contents of 1A-60 and 1A-150 in Phase 3
increased to 11.2 and 8.9% by dry weight, respectively. While the starch content of biomass in 1A-
250 was the same as Phase 1, probably due to the increase in ash content of the biomass in Phase

3. The VSS to TSS ratio of 1A-250 in Phase 3 was only 54+ 15%. While the VSS to TSS ratio of
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biomass harvested in 1A-60 and 1A-150 were 80 + 8% and 80 +1%, respectively. In general, the

starch contents decreased with increasing zeolite dosages.
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Figure 4.4: Intercellular contents of algae harvested in HAPIX reactors.

The total lipid as triacylglycerides (TGA) were less than 10% by dry weight for all the
chabazite dosages (Figure 4.4). Algae harvested in Phase 3 had higher TGA content than Phase 1
at dosages of 60 g L™ (IA-60) and 150 g L™ (1A-150), due to the low aqueous NH4* concentrations
in Phase 3. However, the TGA content of IA-250 in Phase 3 was lower than that of Phase 1 because
of the high ash content of the biomass harvested in Phase 3, as described earlier. Algae grown in
wastewater with a high N content tend to have a low lipid content. C. vulgaris grown at 247 mg
N L had lipid content of 5.9% by dry weight (Converti et al. 2009). Chlorella grown in
wastewater had the fatty acid methyl ester content of 9.98-11.04% by total VSS (Li et al. 2011).
Algae accumulate lipids under N starvation conditions due to the intracellular fatty acid acyl-CoA
and activate diacylglycerol acyltransferase that converts fatty acid acyl-CoA to triglyceride
(Shifrin and Chisholm 1981, Solovchenko et al. 2008, Sukenik and Livne 1991). High NH4*
strength centrate treated by HAPI1X reactors did not induce lipid accumulation in the algal biomass.
However, using the HAPIX reactors to treat low strength wastewater, such as primary or secondary
effluent, may create N deficient conditions that could accumulate high lipid contents in algae for

biofuel production.

76



The lipid content of algae mainly consisted of triacylglycerols, which are composed of
saturated and unsaturated fatty acids (Wang et al. 2010). Approximately 67-70% of fatty acids in
the biomass harvested from HAPIX reactors were unsaturated, of which 43%-54% were
polyunsaturated fatty acids (Table 2). The fatty acids are mainly composed of C16:0, C16:1,
C18:0, C18:2 and C18:3, among which palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C
18:2), and linolenic acid (C 18:3) were the dominant fatty acids. Similar results were found by
Wang et al. (2012), where the dominant fatty acids produced by Chlorella were hexadecanoic acid
(C 16:0), linoleic acid (C 18:2), and linolenic acid (C 18:3). Although the unsaturated fatty acids
are an ideal feedstock to produce biofuels, the low fatty acid content in the algae from the HAPIX
reactors treating high NH4" strength wastewater (>1000 mg N L), make them less economically

viable for biofuel production.
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Table 4.2: Profiles of fatty acids of algae harvested in HAPIX reactors from Phase 1 and

Phase 3 (% of total fatty acids).

Phase 1 Phase 3
Samples
Parameters IA-60 | IA-150 | IA-250 | IA-60 | IA-150 | 1A-250
C16:0 (Palmitic Acid) 23% 23% 23% 26% 25% 24%
_(316:1 Total (Palmitoleic Acid + 6% 504 504 4% 504 504
isomers)
C _ 16:4 (Hexadecatetraenoic 204 204 1% 0% 0% 0%
Acid)
C18:0 (Stearic Acid) 1% 2% 1% 1% 1% 1%
Cl81, Total (Oleic Acid +| 1900 090 109 |11% |12% | 13%
isomers)
_C:18:2, Total (Linoleic Acid + 8% 8% 30% 47% 45% 1%
isomers)
_C:18:3, Total (Linolenic Acid + 18% 14% 16% 8% 10% 1204
isomers)
Other Fatty Acids 3% 4% 5% 3% 2% 4%
E;E?jls Monounsaturated Fatty 21% 24% 9904 15% 16% 17%
Tot_al Polyunsaturated  Fatty 46% 43% 46% 54% 54% 530
Acids
Total Saturated Fatty Acids 27% 28% 26% 30% 29% 29%
Total Trans Fatty Acid 6% 6% 5% 1% 1% 1%

4.5 Assessment of Mathematical Model for HAPIX

45.1 HAPIX Model Parameter Determination

Application of the mathematical model requires determination of parameters related 1X

process and algal photosynthetic processes. The experimental data for a chabazite dose of 150 g

L was used for model calibration, while the doses of 60 g L™* and 250 g L™ were used for model

validation. Estimation of the parameters for 1X was performed in two steps: (i) the maximum ion
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exchange capacity, Q, and the selectivity coefficient, K, were fit to batch isotherm data in S1; (ii)
the surface diffusion coefficient, Ds, was determined by fitting the HSDM to experimental kinetic
data in S1.

Estimation of the parameters related to algal photosynthesis was done using the following
approach: (i) a sensitivity analysis was performed to determine the most sensitive parameters, (ii)
the most sensitive parameters were calibrated, whereas the least sensitive parameters were
determined from the literature. The sensitivity analysis was conducted using an automated
algorithm that uses a Gauss-Margaudt-Levenberg method (Doherty, 2010). The algorithm
calculates a dimensionless composite sensitivity value, which is a measure of the impact a change
in a parameter value has on model output (Doherty, 2010). Results (Table 4.3) indicated that two

most sensitive parameters were the light attenuation constant, k (m? g*) and the maximum specific
growth rate, ,,, (d*). Calibration of k from 0.2 to 0.8 m® g and s, from 0.96 to 0.5 din the
developed model lead to a good fit of the experimental data. Figure 4.5A shows the concentration
history of NH4™-N in the aqueous phase using the parameters shown in Table 4.3. The model
captures the processes within HAPIX reactor as shown by the removal of most of the NH4" within

the first four hours of the experiment, followed by a period of relatively constant concentrations.
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Table 4.3: Parameters used in numerical simulation of concentration profiles and the
sensitivity scores

Parameter Definition Value Source Sensitivity
score
IX Model Parameters
K Selectivity coefficient 2.9 (dimensionless) | Calibrated Not
to isotherm | calculated
data (S1)
Q Maximum ion exchange | 2.8 meq g* Calibrated | Not
capacity to isotherm | calculated
data (S1)
Ds Surface diffusion | 9.1x102m? d* Calibrated | Not
coefficient to  kinetic | calculated
data (S1)
Algal Photosynthesis Parameters
< N Half saturation coefficient | 0.36 meq L Lee and | 0.000001
e Zhang,
2016
Mmax maximum algae growth | 0.5d? Calibrated | 73.7
rate
k Light attenuation rate 0.8 m2g* Calibrated | 24.1
0 Arrhenius growth | 1.35 Lee and | 16.8
coefficient (dimensionless) Zhang,
2016
lo Incident light intensity 100 pumol photon s | Measured
Ik Light saturation point 16.9 pmol photon s™ | Lee and | 0.00168
! Zhang,
2016
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Figure 4.5: (A) NH4* concentration in HAPIX reactor over time; (B) Algae biomass
concentration in HAPIX reactor over time. Chabazite dosage of 150 g L1
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4.5.2 Prediction of NH4* Concentrations in Aqueous Phase

Simulated temporal variations of the NH4"-N concentration for dosages of 60 and 250 g L
! are shown in Figure 4.6. Note that the simulation results only show model correspondence to
Phase 1 of the experimental data, since the periodic algal harvesting and recycling of supernatant
introduced external factors that may affect the IX process. Thus, it was infeasible to appropriately
specify the solid phase NH4" concentrations in Phases 2 and 3, which are required for assigning
quantitative initial conditions in the model. The model is in reasonable agreement (R?=0.83 and
R? = 0.7) with the observed concentrations, showing that most of the removal occurs within the
first 100 hours of the HAPIX experiment. The NH4" removal rates markedly increased with the
increase of zeolite dosage within the first 50 hours of the HAPIX experiment because high zeolite
dosages tend to have more available IX sites for NH4* adsorption. Overall, for each dosage the
model provides a reasonable description of the experimental data. In general, the model predicted
lower NH4* concentrations than were observed in the effluent, most likely because mass transfer
resistance due to algal biomass growth was neglected. Incorporating mass transfer resistance
caused by the presence of a biofilm on the zeolite surface would reduce the rate at which ions
diffuse into the zeolite, which would lead to an improved representation of the data. However, a
caveat is that an additional parameter, a mass transfer coefficient, would need to be introduced,

which would require further experimental justification.
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Figure 4.6: NH4* concentration history in HAPIX reactor over time (A) dosage of 60 g L,
(B) dosage of 250 g L!

4.5.3 Prediction of Microalgae Biomass Concentration

Model and experimental microalgae growth results for Phase 1 of HAPIX operation for
dosages of 60 and 250 g L™ are shown in Figures 4.7. The model prediction is in good agreement
(R? = 0.98) with the experimental data for a dose of 60 g L. However, for a dose 250 g L™* the
model does not predict as rapid a rate of biomass growth observed experimentally (R? =0.58). This
slower growth rate predicted by the model is most likely because the highest dosage resulted in
lowest aqueous phase NH4* concentrations, so less N was available to support algal growth.
Nevertheless, the model captures the trend of the algae growth data, showing linear growth
characteristics. This positive trend corresponds with the utilization of NH4*-N in solution and
conversion of light, nutrients and CO> to new algal cells. The model behavior is consistent with
recent findings from the model developed by Lee and Zhang (Lee and Zhang 2016), which was fit

to experimental microalgae biomass growth for centrate of various characteristics.
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Figure 4.7: Algae biomass concentration in HAPIX reactors over time, (A) dosage of 60 g
L1, (B) dosage of 250 g L™!

4.6 Conclusions

This research demonstrated that the HAPIX process is suitable for treatment of high NH4*
strength wastewater (>1000 mg N ') without dilution. Zeolite dosages of 60, 150 and 250 g L!
resulted in stable NH4*-N concentrations, lower than 10.1 + 0.8 mg L in the effluent. Algae
control reactors without zeolite addition showed no algae growth. The IX process reduced the FA
of the centrate from 4.7mM to < 0.18 mM, and promoted algae growth. Different dosages of zeolite
resulted in different NH4*-N concentrations in the aqueous phase and different protein and starch
contents of the algal biomass. Zeolite dosages at 60 g L™ resulted in higher protein and starch
contents in the biomass than doses of 150 g L™* and 250 g L*. Valuable products may be extracted
from the harvested biomass due to the high protein content (27% to 57% by dry weight). About
67-70% of the fatty acid in the biomass were unsaturated fatty acids. The lipid contents in all the
cultures were lower than 10%, which are not economically feasible to produce biofuels. A
mathematical model describing the HAPIX process was developed that accurately predicts the fate
of NHs™-N and algal biomass growth over time. The light attenuation constant (k) and the
maximum specific growth rate ( ., ) were the most sensitive parameters in the model. Calibration
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of k from 0.2 to 0.8 m? g-1 and g, from 0.96 to 0.5 d! in the developed model led to a good fit

of the experimental data. The HAPIX process serves a two-fold purpose: treatment of high NH4*-
N strength wastewater and production of agricultural and commercial biopolymers. The main
limitation of the modeling framework is that the model does not account for algal biomass growth
on the zeolite with time. Future work could be focused on accounting for both suspended and
attached growth into the model. Moreover, the model can be integrated with computational fluid
dynamics models to simulate the performance of the HAPIX process for a full-scale system.
4.7 Supplementary Information

Batch isotherm study to evaluate the ion exchange capacity study was carried out by adding
various mass of Chabazite in the fixed volume (100 mL) of centrate. The chabazite dosages used
in the isotherm study were (g L™): 0, 13, 25, 50, 150, 250, respectively. The system was assumed
to remove over 70% of NH4" after 24 hours reaction based preliminary study (data not shown).
Kinetic study was performed with the mass of zeolite dosage of 150 g L™ with the fixed volume
of liquid (300 mL). Samples were taken at 0.5 hr, 1 hr, 1.5 hr, 2 hr, 3 hr, 4 hr, 5 hr, 6hr, 12 hr and
24 hr for cations analysis. Both isotherm and kinetics study were set up in the 21+2°C constant
temperature room in duplicate. Reactors were placed on the shaking table (VWR Advanced 3500
Orbital Shaker, USA), which was set at 90 rpm continuously.

Isotherm study (Figure 4.8) indicated that chabazite dosages more than 50 g L can reduce
the NH4" concentration below the 200-300 mg/L. Kinetic study (Figure 4.9) provided the kinetic

parameters for the modeling development.
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Figure 4.9: Kinetic study of NH4*-N adsorption by 150 g L"* chabazite after 24 hours
The isotherm constants, Q and K, were determined manually adjusting the values to provide
a reasonable fit to the experimental isotherm data. Figure 4.10 shows the simulated isotherm
compared the experimental isotherm data for different dosages. Figure 4.11 shows the simulated

homogeneous surface diffusion model (HSDM) NH4* and Na* concentrations in the aqueous phase
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as a function of time. The model captures the behavior of the 1X kinetics, showing a decrease in
the NH4* concentration with most of the removal occurring within ~ 10 hours of the kinetic
experiment. The removal of NH4* by uptake onto the chabazite is associated with a release of Na*
ions. The HSDM predicts a faster release of ions than observed, likely due to the presence of other

competing cations, which were not accounted for in the mathematical model.
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Figure 4.11: IX kinetics for NH4* uptake onto chabazite and release of co-ion Na*
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The HAPIX model equations were solved by employing a finite-difference approximation,
with a Crank-Nicolson scheme for the temporal discretization. The temporal resolution used in the
numerical approximation was a time step size of 0.01 h. The chabazite particles were discretized
into 50 evenly spaced intervals from the zeolite-bulk interface to the center of the particles using
a centered difference scheme. A predictor-corrector approach was adopted for time iterations due
to the non-linear 1X isotherm. The solution to the non-linear growth equation was computed using
a fourth-order Runge-Kutta algorithm. All the simulations were performed using the MATLAB
software, version 2016a, and a built-in algorithm ode15, was used to solve the ordinary differential
equation describing algal growth.
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CHAPTER &:
MODELING OF MASS TRANSPORT AND BIODEGRADATION IN A HYBRID

ADSORPTION AND MIXOTROPHIC DENITRIFICATION BIOREACTOR
5.1 Introduction

In the US, approximately 25% of the wastewater generated is treated by decentralized
treatment systems (Lowe and Siegrist, 2008). The most common decentralized systems are
conventional onsite wastewater treatment systems (OWTS), which are comprised of a septic tank,
drainfield, and soil treatment area. These systems were originally intended to serve rural and
suburban communities where access to sewer connections was not a viable option. While there are
several advantages of conventional OWTS, including simplicity of operation and low cost relative
to centralized systems, major challenges persist related to nitrogen (N) removal (USEPA, 1999 ;
Siegrist et al., 2013). Environmental risks stemming from these challenges include contamination
of surface and groundwater bodies (Howe et al., 2012).

Advanced treatment systems have been proposed for enhancing N removal in OWTS, with
the goal of enabling groundwater recharge, safe disposal, and reuse options (Siegrist et al., 2013).
Environmental biotechnologies for advanced onsite treatment include moving bed bioreactors and
membrane bioreactors. However, these technologies are associated with relatively high energy
costs and maintenance requirements (Diaz-Elsayed, 2017). Therefore, passive OWTS have been
developed that require minimally skilled operations and maintenance interventions by the end user
or septic tank installer (e.g., Smith et al., 2008). Passive OWTS typically are implemented in a

packed-bed bioreactor configuration, utilize reactive media for denitrification, require no
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mechanical aeration, and utilize a single pump (FDOH, 2013). Although passive OWTS
demonstrate potential in terms of N removal, several outstanding knowledge gaps remain
pertaining to how the confluence of hydrodynamic, physical, chemical, and biological factors
affect their treatment efficacy.

Advanced treatment within passive bioreactors typically occurs in two stages: a bioreactor
operating under partially saturated conditions for nitrification, followed by treatment in a fully
saturated bioreactor for denitrification. Biological denitrification of nitrified wastewater requires
an electron donor. Passive bioreactors containing lignocellulosic materials that slowly release
organic carbon to support heterotrophic denitrifying biofilm growth are one approach for
denitrification (Lopez-Ponnada et al.,, 2017). An alternative approach to heterotrophic
denitrification is sulfur-oxidizing denitrification (SOD), which utilizes elemental sulfur (S°) as the
electron donor for autotrophic denitrification. This process has been shown to achieve high NO3’
-N removal rates and, low costs, as well as lower sludge production and lower maintenance
requirements than heterotrophic denitrification (Sengupta et al., 2007). The reduction of NO3™-N
to N2 and conversion of S° to SO4> -S catalyzed by sulfur-oxidizing denitrifying bacteria is given

by (Batchelor and Lawrence, 1978):

NO, +1.1S° +0.4CO, +0.76H,0 + 0.08NH," —

(5.1)
0.08C.H,0,N +1.1S0,* +0.5N, +1.28H*

While there are several advantages of SOD, potential drawbacks include the consumption
of alkalinity and SO4? production. The production of SO4% can pose aesthetic effects, if an OWTS
recharges groundwater used as a potable water source (USEPA, 2008). Since inhibition of
denitrification can occur below a pH of 5.5, solid-phase buffers are typically used for imparting

alkalinity to bioreactors in OWTS (Sengupta et al., 2007). It has been shown previously that

93



crushed oyster shell was a more suitable buffer than marble chips or limestone, based on factors
including the buffer’s dissolution rate, the suitability of the buffer’s surface for supporting microbial
attachment, and economics (Sengupta et al., 2007).

Prior studies at the University of South Florida reported the results of a novel tire-sulfur
hybrid adsorption denitrification (T-SHAD) process for removal of NO3™-N in OWTS (Krayzelova
et al., 2014). The T-SHAD process utilizes mixotrophic denitrification, which combines the
processes of heterotrophic and autotrophic denitrification (Sahinkaya, 2012). The benefits include
lower SO4>-S production and alkalinity consumption than SOD by itself, as well as consistent
performance under transient loading conditions. While experimental studies have been performed,
mathematical and numerical models have not previously been developed to elucidate the effluent
characteristics of the T-SHAD process under varying influent flow conditions. The development
of such models would not only provide an understanding of the role of various mechanisms but
would also be critical in facilitating optimal design of the denitrification stage of full-scale OWTS.

The literature on mathematical modeling of adsorption onto granular activated carbon and
biodegradation in packed-bed bioreactors provides many commonalties with the T-SHAD model
developed (Shen et al., 2012). For example, a model was developed to investigate the processes of
adsorption and biodegradation in a packed-bed of granular activated carbon for degradation of
phenol (Speitel Jr. et al., 1987). The model treated the aqueous and biofilm phases as continua and
accounted for film transport resistance, biofilm growth, and decay. However, mass transfer
resistance was ignored at the interface between the solid and biofilm. The adsorption phenomenon
used a surface diffusion model with the Freundlich isotherm at the particle surface. More
mathematically advanced approaches have arisen in recent times to describe processes in biofilters,

and a comprehensive review of a broad spectrum of modeling approaches for biofilm-covered

94



activated carbon systems can be found elsewhere (Shen et al., 2012). Integral aspects highlighted
in the review of Shen et al., (2012) were the mathematical description of the solid phase, biofilm
phase on the substratum, and the liquid phase.

In this Chapter, a novel mathematical and numerical model that provides a framework for
modeling environmental biotechnologies involving flow, mass transport, and mixotrophic
denitrification processes in a packed-bed bioreactor is developed. The objectives of this Chapter
are: (1) to develop a mathematical model that accounts for advection, dispersion, and mixotrophic
denitrification under varying influent flow conditions; (2) to estimate all model parameters via
literature values or results of previously performed experiments; and (3) to validate the model via
comparison of the simulated effluent concentrations to experimental results.

5.2 Materials and Methods

5.2.1 Batch and Column Experiments

Details of the batch and column studies previously conducted within our research group
are described elsewhere (Krayzelova et al., 2014). Briefly, batch abiotic NOs™ adsorption and
denitrification microcosm studies were performed. The NO3™ adsorption study was performed in
triplicate using scrap tire doses of 0, 2.5, 5, 10, 20, 30, and 40 g. The scrap tires were placed in
250-mL glass Erlenmeyer flasks, which were filled with 200 mL of a synthetic wastewater solution
(see supplementary information [SI]). The synthetic wastewater solution contained KNO3 to
achieve an initial NOs™ -N concentration of 100 mg L. The bottles were placed on a Thermo
Scientific multi-purpose rotator (Dubuque, lowa, U.S.A) at 120 rpm. Samples were collected every
ten days over a 30-day period and analyzed for anion and cation concentrations using an 850
Professional lon Chromatography System (Metrohm AG, Herisau, Switzerland).

Four different denitrification microcosm studies were performed in triplicate, using 160

mL glass serum bottles containing 90 mL of a synthetic wastewater solution. The SOD microcosms
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included 6 g of elemental sulfur and 2 g crushed oyster shells; the scrap tire chip microcosms
included 10 g of tire chips; the T-SHAD microcosms contained 10 g of tire chips, 6 g of elemental
sulfur, and 2 g of crushed oyster shells; the fourth set of microcosms consisted of synthetic
wastewater and activated sludge, but no sulfur or tire chips, to control for endogenous decay. The
inoculum used in each microcosm was 10 mL of activated sludge with a mixed liquor suspended
solids concentration of 2.69 g L. The activated sludge was obtained from the Northwest Regional
Wastewater Reclamation Facility, Hillsborough County, Florida, which utilizes a 5-stage
Bardenpho process. The wastewater solution used for each microcosm was spiked with a KNO3
solution to achieve an initial NOs™ -N concentration of 50 mg L.

For column experiments, two 0.5 L acrylic Koflo columns (Cary, Illinois) were used in an
upflow configuration (Figure 5.1), with an influent wastewater composition as shown in Table 5.1
pumped through the bottom of the columns. The media in the T-SHAD column were
homogenously mixed and consisted of 250 g of scrap tire chips, 40 g of elemental sulfur pellets,
and 13 g of crushed oyster shell, whereas the column strictly with tire chips consisted of 250 g of
scrap tire chips. The T-SHAD column experiment was performed in four different phases. Phase
1 (20 d) was an acclimation period to allow for attachment and growth of a denitrifying biofilm.
Phase 2 (46d) was a period with steady flow and a constant influent concentration of 50 mg L
NO3-N. During Phase 3 (13 d) the influent NOs™-N was set to a constant value of 50 mg L™ but
the flow rate was varied to mimic transient inflow conditions of a household. Finally, Phase 4
conditions were a constant flow rate and transient influent NOs™ - N concentrations. The tire-chip-
only column was operated for Phase 1 and Phase 2 but then discontinued due to the low removal

efficiency of NO3z™-N observed.
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~
COLUMN A: T- - COLUMN B:
SHA

TIRE

Figure 5.1: Column A shows the T-SHAD column and column B shows the tire-only-
column. Blue arrows indicate the direction of flow (Krayzelova et al., 2014).
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Table 5.1: Composition of wastewater used in T-SHAD experiments
(from Krayzelova et al., 2014)

Chemical constituent | Concentration (mg L)
KH2PO4 43.9
NH4ClI 7.6
MgCl,.6H20 33.0
FeCl,.4H,0 0.4
NaHCOs 50.0
ZnCly 0.0189
EDTA 0.576
CaCl,.2H.0 0.07
MnCl,.4H.0 0.0472
(NH4)6M07024.4H>0 0.01
CuS04.5H20 0.0281
CoCl,.6H,0 0.02
NOs™-N 100.0

5.3 Mathematical Model Development

In the aqueous phase, there are generally two approaches for modeling flow and mass
transport. In one approach, an advection-dispersion-reaction equation is adopted, whereby the
reaction term is a rate expression describing the kinetics of biodegradation. However, it has been
noted previously that conceptually, this type of mathematical model describes biofilm processes
as occurring within the aqueous phase, although biodegradation explicitly occurs within the
biofilm phase (Cunningham and Mendoza-Sanchez, 2006). An alternative and more physically
consistent conceptual approach is to model advection and dispersion in the aqueous phase and
couple the partial differential equation (PDE) for that process to a diffusion-reaction equation
representing biodegradation within a biofilm. However, a comparison between these two
approaches referred to as the “simple” and “biofilm” models showed that they provide identical
results except for scenarios when biological reactions within the biofilm are slow relative to other
mass transport mechanisms (Cunningham and Mendoza-Sanchez, 2006). Given the similarity in

breakthrough behavior previously theoretically obtained for both approaches as well as the lower
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computing time requirement for the “simple” model, a mathematical model was the T-SHAD

model adopted an approach that considers advection-dispersion-reaction in the bulk liquid. Figure

5.2 is a conceptual image of the T-SHAD column, in which the following processes occur: mass

transport by advection and dispersion, and mixotrophic biological denitrification. The assumptions

are given as follows:

1.

2.

Flow and mass transport occur vertically upward and are one-dimensional.

The solid- phase uptake process onto tire chips is a slow process relative to mass transport
and biological mechanisms, therefore is ignored for the time-period simulated (24 h).
Sulfur-oxidizing and heterotrophic denitrifying microorganisms mediate biological
denitrification. In this Chapter, the nomenclature adopted to define the combination of
these processes is mixotrophic denitrification.

The rate of substrate utilization is dependent on the electron acceptor (NO3) and is
described using a Monod model.

A single-step model for biological denitrification from NO3™ to N2 is assumed, whereby the
conversion of NOs™ to NO>" is ignored given that no significant accumulation of the
intermediate chemical species was observed from at the T-SHAD column outlet.

The influent velocity varies with time, so that the dimensionless groups characterizing the

T-SHAD bioreactor vary accordingly.
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Figure 5.2: Conceptualization of major processes occurring within the T-SHAD bioreactor

5.3.1 Mass Transport Processes
Here, the T-SHAD model equations are presented in dimensionless form, adopting non-
dimensionalization to reduce the number of model parameters and to facilitate the assessment of
the T-SHAD bioreactor breakthrough characteristics under various limiting regimes. Table 5.2
provides definitions for each of the dimensionless variables and groups in the T-SHAD model.
The migration of chemical species in saturated porous media is controlled by advection,
dispersion, and reactions occurring due to utilization by denitrifying microorganisms. Thus, the

mathematical expression for the NOs -N concentration in the aqueous phase is given by:
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(5.2)

Cyo, (Z.1) Cpo, (Z.1)
- DaHET ~ = - DaSOD ~ - 7
CNO3—(Z:t)+7HET CNo3-(z't)+}/SOD

where C_:NOQ’ (z,t) is the dimensionless NOz™-N concentration in the liquid phase, Da,, is the

Damkohler utilization number for heterotrophic bacteria, Dayy,is the Damkohler utilization

number for SOD, PeNO, is the Peclet number for NOs, tis dimensionless time, Zis the

dimensionless axial coordinate, y,. IS the ratio between the half saturation constant for
heterotrophic bacteria and the initial influent concentration, .., is the ratio between the half

saturation constant for SOD and initial influent concentration.
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Table 5.2: Definition of non-dimensional variables and dimensionless groups

characterizing the T-SHAD system

Dimensionless
variable/group

Equation

Definition

C

NO;~

Non-dimensional concentration of
NO3 -N in the bulk liquid

S0,*

Non-dimensional concentration of
S04 -S in the bulk liquid

t

Non-dimensional time indicating
the number of pore volumes in the
column

N

Non-dimensional distance along the
characteristic length

Dayer

Damkohler utilization number for
heterotrophic bacteria: ratio of
maximum utilization rate by
heterotrophic bacteria to rate of
advection in the bulk liquid

DaSOD

qSOD X SOD

C wvl/L

0,NO,

Damkdhler utilization number for
SOD: ratio of maximum utilization
rate by sulfur oxidizing bacteria to
rate of advection in the bulk liquid

Pe

NO;~

vL
D

NO,”

Peclet number for NOs": ratio of
advective transport in the bulk
liquid to dispersive transport

Pe

50,2

vL

50,2

Peclet number for SO4%: ratio of
advective transport in the bulk
liquid to dispersive transport

Y HET

y — KS,HET
HET C

0,NO,”

Ratio between the Monod half
saturation constant for heterotrophs
and the initial concentration

7sop

_ Rssop
Vsop =

Ol X

0,NO,”

Ratio between the Monod half
saturation constant for SOD and the
initial concentration

Similarly, the equation governing mass transport for the SO4% concentration in the liquid

phase is given by:
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oC._, (z,1) o°C., (z,t) oC_, (z,Y) C._ (z,b)
0 = ! = - + Bsop Dasop NO_3 =
Cro. @D +7sp | (B3)

where C_:SO , (Z,1) is the dimensionless SO4%-S concentration in the liquid phase, Pe . isthe

Peclet number for SO4*, and S, is a stoichiometric constant relating NOs™ -N consumed to SO4*

-S produced during the SOD process (Equation 5.1).
5.3.2 Initial and Boundary Conditions

The initial conditions and boundary conditions were specified to mimic the experimental
configuration (Figure 5.3). In the aqueous phase, the NOs™ -N and SO.* -S concentrations were
initialized to the observed effluent concentrations from Phase 2, so that the initial condition can be
written as:

Cro, (. T=0)=Cy o,

o (5.4)
Cops (7.T=0)=Cy 5

At the biofilter inlet there is a continuous source of nitrified wastewater:

z7=0,t)- =1
NOs ( ) Pe,,- oz
3 oC., (7=0,1) 5)
— - (Z =0,
C.,(z=071)- L 0, =1
SO Pe .. oz
At the column outlet there is no dispersive flux:
6CN03, (z=1t) o
oz (5.6)
oCqp (z=11) o
0z

The T-SHAD simulations were set-up to mimic the operation of the system, whereby at

the inlet flow varies temporally to reflect changes typically observed in full-scale OWTS over a
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daily period. Since the influent velocity is temporally variable, the Damkéhler utilization number
and Peclet groups, which are functions of velocity, were varied accordingly. Figure 5.3 shows the
experimental configuration for three phases of the experiment. It should be noted that the third
phase of the experiment was simulated to capture a 24-hour period during which the influent NOz

-N concentration was constant, and the effluent concentration was varied.

Phase used for Simulated
Model Phase
Initialization [
[ S —
 its ey’ 1 i
PHASE 1: Il pHase2: | I PHASE 3 : ]
RECIRCULATION | I STEADY FLOW & I variABLE FLOW & I
I} CONSTANT 1 consTanT E
I | CONCENTRATION CONCENTRATION
T I
' /=
| | |
| | |
| | |
| 1 |
| 1 |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
1 Q | Q I a=INFLUENT
: : : FLOW RATE
| C i ; c I c=INFLUENT
| | I NITRATE
| | | CONCENTRATION

Figure 5.3: Phases of the experiment simulated and used for model initialization
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5.4 Numerical Approach
The “pdepe” function in the MATLAB software was used for the numerical solution of the
system of equations representing the T-SHAD system. The function solves one-dimensional

parabolic and elliptic partial differential equations (PDESs) of the form:

c(z,t,u,gja—u: z" 9 z" f (z,t,u,gj+s(z,t,u,ﬂ) (5.7)
z)ot oz z z

t, <t<t
a<z<b

where u is the vector of unknown variables, c is a diagonal matrix with coefficients of time

derivatives, f(z,t,u,ﬂj is a flux term and s(z,t,u,gj is a source/sink term. The term m takes
z z

strictly integer values 0, 1, and 2, representing cartesian, cylindrical, and spherical symmetry
respectively, to is the initial time of the simulation period, t,is the final time of the simulation
period, a and b correspond the end-points of the domain considered.
For some initial time, to, the solution components satisfy the initial conditions:
uz,ty) =u,(2) (5.8)

The boundary condition imposed on the boundaries a and b is expressed as:
p(z,t,u)+q(z,t)f (z,t,u,gj =0 (5.9)
z

The numerical approximation uses a Petrov-Galerkin method for discretization of spatial
derivatives and a vertical method of lines for the time derivatives (Skeel and Berzins, 1990).The
pdepe formulation of the T-SHAD model as represented by Equations 5.1-5.6 is provided as
follows. The term m was set to 0 to model a domain in cartesian coordinates, the diagonal matrix,

flux term, and source/sink terms were specified as follows:
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1, 5CN03 =
PeNOB_ 0z NO
f = (5.10)
1, 565042 e
Pe,,. O NOs

5.5 Estimation of Model Parameters
The same dispersive effects were assumed for NOs and SOs> and estimated using the

following empirical equation for the dispersion coefficient (Bear, 1972):

DNOS_ = Dso42‘ =7D, +aV (5.11)
where Dp, is the molecular diffusion coefficient (m? hrt), v (m hr?) is the average linear fluid
velocity, 7 is the tortuosity factor in the bioreactor interstitial space (dimensionless), and ¢, (m)

is the axial dispersivity. Considering mechanical dispersion as the dominant mechanism relative

to molecular diffusion, we use an empirical formula to estimate the longitudinal dispersivity (Fetter

etal., 2017):

a, =0.83log(L)>* (5.12)
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Data from a SOD microcosm were used to determine an effective rate constant for sulfur-

oxidizing denitrification, Gy X op (GVSS M hrt), and the half saturation constant Ks, sop (g m™).

The Monod rate expression in Equation 5.3, which is the second term on the right side of the

equation, was used to simulate the NO3™-N concentration history shown in Figure 5.4. The effects

due to biomass growth were ignored due to the time-scale for cell division of denitrifying bacteria

compared to the study period of the experiment. The SO4% -S production over time for the first

phase of the experiment (Figure 5.4) was simulated by multiplying the rate expression for the

consumption of NOs™ - N by a stoichiometric constant ( S, = 2.5).

60 —— 50D model
. Experimental NOE' =N (g m'a}
50t
‘?E 40
2
Z 30}
1
o
< 20
10t
0
0

time (d)

S03%--S (g m™)

300

= 50D model
[l Experimental 5042- -S(gm?)

time (d)

Figure 5.4: Mathematical model and experimental data for NOs - N consumption and
S0O4%-S production for an SOD microcosm over a 6.5-day period

The parameter values required to fit the concentration histories of the experiment were Ks,

sop = 1.3 g m? and Ggop Xgop =0.52gVSS m? hrl. The model captures the trend of the

experimental data as shown by the decrease in the NO3™ -N over the 5-day period of the simulation
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from an initial value of 63.4 g m= to almost no NO3z -N at day 5. In correspondence with the
decreasing NOs -N concentration, simulation results for SO4? -S showed an increase from 102.2
g m SO4* -S to approximately 260 g m= SO4> -S. In addition, the simulation showed that once
the NOs™ -N was consumed no more SO4> -S was produced. It should be noted that the model
underestimates the NOs™ -N concentration and slightly overestimates the SO4% -S experimental
data. Increasing the effective rate constant would improve the correspondence between the model
and experimental NOs™ -N data, however this would result in an increased discrepancy in the SO4>
-S model and observations due to a greater production of SO4> -S. In addition, the model does not
account for organic matter in the oyster shells, which may have contributed to heterotrophic
denitrification.
5.6 Results and Discussion

Figure 5.5 shows the simulated effluent NO3™ -N concentration of the column compared to
the experimental data under varying influent flow conditions. The model shows that periods with
higher influent flow rates, which correspond to shorter residence times, result in an increase in
effluent NO3z™ -N concentrations. These periods of higher influent flow rates, which occurred
during 8-12 hours and 20-24 hours, were simulated by changing the velocity accordingly which
decreases the Damkahler utilization number by a factor of 1.5 relative to the medium flow rate
period, based on the definition of this dimensionless group (Table 5.2). This resulted in an
accumulation of NO3z™ -N due to less contact time for treatment to occur in the bioreactor. In
contrast, during the period with the longest residence time (12-20 hours) the velocity decreased
which resulted in an increase in the Damkdohler utilization number by a factor of 2 relative to the
medium flow rate period, resulting in the greatest decrease in NOs™ -N due to the longer period for

biological denitrification to occur. Moreover, it should be noted that the model semi-quantitatively
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captures the transient behavior when velocity changes during the simulation by correctly

predicting approximately 90% removal of the constant influent 50 g m= NO3™ -N.
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Figure 5.5: Mathematical model and experimental data for NO3z™ - N from effluent of the
T-SHAD column

Figure 5.6 shows the simulated effluent SO4> -S concentration of the column compared to
the experimental data. During periods with the shortest residence time (8-12 hours and 20-24
hours), the model captures the decrease in the effluent SO4>-S concentration. This behavior is
consistent with less time for SOD to occur and thus less SO4% -S produced as a by-product relative
to periods with longer residence times. Conversely, the period from 12-20 hours showed the
highest production of SO4> -S, which corresponds with the lowest fluid velocity. During this
period, there was more time for SOD to occur, therefore more production of SO4% -S as a by-
product. The lack of incorporation of the dissolution rates of the electron donors could be one

source of the discrepancy between the model and experimental data, particularly during the first
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10 hours of the simulation. Accounting for dissolution processes and adsorption onto tire chips

would likely improve the model correspondence with experimental data.
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Figure 5.6: Mathematical model and experimental data for SO4% - S from effluent of the T-
SHAD column
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Table 5.3: Definition of parameters appearing in dimensionless numbers

Parameter Value Source

Do, 4.15x10° m2hr! (low flow) | Empirically obtained
8.3x10° m? hr! (medium flow) | (Fetter, 2017)
8.3x10°m? hrt  (high flow)

Do 4.15x10° m2hr! (low flow) | Empirically obtained
8.3x10° m? hr! (medium flow) | (Fetter, 2017)
8.3x10°m? hr* (high flow)

o 0.026 Empirically obtained

(Fetter, 2017)

€ 0.3 Experimental

configuration

Ks HET 50gm?3 Rittmann and McCarty

(2012)

Ks.sop 1.3gm3 Fitted to SOD microcosm

Gsop Xsop | 0:52 gVSS m? hrt Fitted to SOD microcosm

Guer Xper | 0-1gVSS m= hrt Adjustable parameter

L 041m Experimental

configuration

v 0.0005 m hr (low flow) Experimental

configuration
0.001 m hrt (medium flow) Experimental
configuration
0.0015 m hrt (high flow) Experimental
configuration

5.7 Conclusions

Mathematical and numerical models of a packed-bed bioreactor for hybrid adsorption and
mixotrophic denitrification have been presented. Several mechanisms occur in the reactor
including advection and dispersion, adsorption, and biological denitrification. A process model
was developed to describe the processes occurring within the bioreactor. A numerical model was
used to simulate advection-dispersion-reaction processes under varying fluid velocity inflow
conditions. The model showed reasonable quantitative agreement with experimental data and

captured the trend of the data demonstrating how the effluent concentrations fluctuate depending

111



on the bioreactor residence time. The model could be used in future studies to optimize the design
of systems in full-scale applications, where accounting for transient influent conditions is
important. However, incorporating dissolution rates from the electron donors and adsorption
mechanism would lead to a more robust modeling framework.
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CHAPTER 6:
CONCLUSIONS AND RECOMMENDATIONS

Effective nutrient management is critical to mitigating several negative environmental and
health consequences on aquatic ecosystems. Environmental biotechnology is an essential
component of managing the nitrogen cycle; however, for high ammonium (NH4") strength
wastewater and onsite wastewater treatment (OWT) applications, conventional approaches are
stymied due to their heavy reliance on biological nitrogen removal (BNR).

Hybrid adsorption and biological treatment systems (HABITS) utilize a combination of
biological, physical, and chemical processes to overcome the challenges associated with BNR.
While experimental studies have shown HABITS to be effective in terms of nitrogen removal, the
interaction between underlying mechanisms within these systems remained somewhat nebulous.
This work was motivated by the need to develop a theoretical foundation and new numerical tools
that elucidate the underlying complex processes and facilitate the design of full-scale systems
involving similar mechanisms.

This dissertation was divided in three chapters; the corresponding research questions,
objectives, major findings, and recommendations are provided as follows:

1. Chapter 3: How accurately does an internal diffusion mass transfer model coupled with a
bioprocess model that considers a single limiting substrate predict nitrogen speciation in a

bioreactor comprised of zeolite and nitrifying microorganisms?
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e Develop a homogenous surface diffusion model (HSDM) for surface diffusion Kinetics
within the intra-crystalline zeolite structure, with an appropriate boundary condition at the
zeolite-bulk interface that establishes equilibrium between the solid and liquid phases.

A mathematical model was developed that accounts for ion exchange (I1X) of NH4" and
sodium (Na*) at the surface of chabazite, and surface diffusion of adsorbed NH4" within the grains
of chabazite. At the zeolite-bulk interface, an IX isotherm derived from the mass action law for IX
equilibrium was adopted as a boundary condition. The IX isotherm was found to be in good
agreement with experimental batch data. The HSDM with the IX isotherm was also found to be in
good agreement with batch kinetic data for the uptake of NH4" ions and release of Na* ions.

e Develop bioprocess kinetic models of nitrification and combine with the HSDM model.
Mathematical models of sequential biological conversion of aqueous NH4* to NO2" and

NOs" were developed. Inhibition of the rates of the nitritation and nitratation due to the presence
of NH4" were described by the Andrews equation. These models were fit to experimental data from
nitrification inhibition studies and provided a sound description of nitritation and nitration rates.

e Implement a numerical algorithm to transform the system of PDEs into algebraic
expressions and create a computer code to simulate the process.

A new numerical tool was developed based on a finite difference discretization of the
equations describing surface diffusion and nitrification with inhibitory kinetics. The computer
code simulated the temporal histories of NH4*, Na*, NO2", and NOs" in the aqueous phase, and
predicted the NH4" in the solid phase.

e Conduct side by side control and hybrid bioreactor experiments to investigate the effect of

zeolite amendment on easing nitrification inhibition.
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Experiments were conducted to determine the efficacy of amending a bioreactor with
chabazite for overcoming nitrification inhibition due to high NH4* concentrations. In the reactors
without zeolite, high NH4* was found to be inhibitory to nitrifying microorganisms as evidenced
by the accumulation of NO2™ and relatively low concentration of NOs™ observed. In contrast, the
chabazite amended bioreactor showed a low production of NO2™ and high production of NOs’,
which provided support for the hypothesis that the 1X process assists in overcoming nitrification
inhibition.

e Validate the model by comparing simulation results with experimental data of NH4*, NOs"

,NO2", and Na" concentration data.

Estimates of the chemical species were in good agreement with experimental data,
especially considering that no additional parameters were required to fit the experimental data. All
model parameters were independently obtained from abiotic and biotic studies. It is envisioned
that the model can be useful is assessing reactor size, amount of zeolite material required, and
material properties desirable to achieve a particular nitrogen removal performance.

e Recommendations

To improve the accuracy of the model developed, processes that could be accounted for in
future work are biofilm growth and competitive 1X. Biofilm growth modeling at the continuum
scale using a phase-field approach, which is a thermodynamically sound method for free-boundary
problems, would be useful in determining the expansion of biofilm over time. For the X isotherm,
a model that takes into consideration the uptake of K™ ions would lead to more accurate results
since an underlying assumption of the model is that exchange occurs strictly between NH4* and
Na*. For IX kinetics, the Maxwell-Stefan and Nernst-Planck models consider diffusion driven by

electrochemical gradients, whereas the HSDM model developed herein only considers Fickian
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diffusion. These models have a stronger theoretical foundation than the HSDM; however, the
caveat is that more sophisticated numerical solutions would have to be implemented.
2. Chapter 4: Can a mechanistic model of surface diffusion combined with a kinetic algal
process model predict the temporal history of nitrogen species and microalgae growth in a
bioreactor with zeolite and microalgae?
e Combine a kinetic model of nitrogen utilization by algae under multiple limiting conditions
with the HSDM.

The HSDM model developed in Chapter 3 was combined with a co-limitation Monod model
accounting for a NH4" and incident light as limiting factors for algal growth. The model also
incorporated light attenuation effects due to self-shading of algae. The model represents the first
such model of a novel process of 1X and algal photosynthesis, referred to as a hybrid adsorption
and ion exchange (HAPI1X) process.

e Create a computational tool that predicts microalgae growth, and the concentration of NH4*
in the bioreactor as a function of time.

A new computational tool was developed based on a finite difference implementation of
the differential equations describing the uptake of NH4* by algae as well as algae growth. The
computer code can predict the temporal evolution of NH4* for various reactor designs, including
various zeolite dosages, light intensity, and reactor sizes.

e Calibrate the mathematical model to experimental data derived for experiments for a
specific zeolite dosage.

The HAPIX reactor experiments were conducted for three different dosages of zeolite: 60,
150, and 250 g. The approach adopted established the most sensitive model parameters, and

adjusted the most sensitive parameters to minimize the discrepancy between the model predictions
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and experimental data for a zeolite dosage of 150 g. The light attenuation constant, k, and the

maximum specific growth rate, ., were the parameters adjusted; the values were found to have

a physically and biologically sound basis based on comparison with literature values.

e Validate the model by comparing simulation results with experimental data of NH4*, and
microalgae biomass to experimental data for two different zeolite dosages from the
calibrated model.

The computer simulations of NH4" and algal biomass growth as a function of time were
compared to HAPIX experimental data for zeolite dosages 60 and 250 g. The computer simulations
and experimental data were in reasonable agreement. These results provided credence to the
hypothesis that surface diffusion combined with a co-limitation model depending on NH4* and
light as factors limiting algal growth is a sufficient theoretical explanation of the HAPIX process.
A potential application of the computational tool developed for the HAPIX system would be to
screen various system designs based on the purpose for the photobioreactor. More specifically, the
amount of chabazite utilized, particle size, and light intensity could be determined to provide either
a goal of reaching a required nitrogen concentration.

e Recommendations

Since Chapter 3 and 4 have the same underlying assumptions and use the same modeling
approach, similar recommendations are suggested. The description of IX processes can be
improved by considering competitive X isotherm and kinetic models that account for the presence
of competing cations. The algal process model adopted a Monod approach, which for practical
design purposes is relatively straightforward to implement numerically. However, more rigorous
approaches such as constraint-based genome scale metabolic models would provide more insight

into the algal processes.
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3. Chapter 5: How does a mathematical model of mass transport by advection and dispersion

combined with mixotrophic denitrification combined predict the breakthrough characteristics

of a tire-sulfur hybrid adsorption denitrification (T-SHAD) bioreactor?

e Develop a mathematical model that translates the simplified system representation into
mathematical equations.

A mathematical model of a tire-sulfur adsorption and denitrification (T-SHAD) was
developed. The model considered mass transport by advection, dispersion, and biological
degradation. Mathematically, the T-SHAD system was described using non-dimensional equations
with two important dimensionless groups: Peclet number and Damkohler utilization number. The
model predicts the removal behavior of the bioreactor as well as simulates effluent characteristics
under varying inflow conditions via changes in the dimensionless groups with changes in velocity.

e Recommendations

The technology previously proposed and implemented at the laboratory scale, referred to
as a tire-sulfur hybrid adsorption denitrification system (T-SHAD) showed promising performance
in terms of low, steady effluent NO3s™ and SO4> concentrations. In addition, the technology utilizes
low-cost packing material which improves the system’s overall sustainability. Through the
development of models that capture the most salient features occurring within the T-SHAD
system, the model supported the hypothesis that mixotrophic denitrification indeed occurs and
results in lower SO+ production than what would be expected based on the stoichiometry of the
denitrification reaction.

Overall, the environmental biotechnology systems modeled in this dissertation together
with the computational framework have the potential to be applied across wide range of
environmental engineering problems related to nutrient management. With increasing computing

power that facilitate rapid prototyping of algorithms, it is expected that in the future extensions of
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computational framework developed in this dissertation will accelerate the development of new

sustainable technologies that address the grand engineering challenges in the 21% century.
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APPENDIX B:
SUPPLEMENTARY DATA
The following data are associated with the material presented in Chapter 3 of this
dissertation. Table B1 presents NH4*-N, Na*, NO2 -N, NOs™ -N concentration data over time for
experiments conducted without the addition of chabazite. Table B2 presents NH4*-N, Na*, NO;" -
N, NOz™ -N concentration data over time for experiments conducted with the addition of chabazite.

Table B1: Nitrogen species and sodium data for bioreactor without chabazite

Time NH4*-N Na* NO2 -N NOs -N
(hr) (megq L) (meq L™) (meg L™) (meq L™
0 75.52 (0.32) 26.74 (2.23) | 0.32(0.012) | 0.083 (0.011)
24 76.94 (1.14) 25.43 (3.42) 0.9 (0.038) | 0.093 (0.021)
48 71.26 (0.75) 24.29 (0.05) | 1.47(0.053) | 0.034 (0.029)
72 71.35 (0.0064) 22.43 (0.98) 2.48 (0.26) | 0.025 (0.022)
96 71.92 (0.045) 25.18 (1.23) | 3.18 (0.051) | 0.025 (0.048)
120 71.40 (0.03) 22.21(0.54) | 3.55(0.041) | 0.12(1.43)
144 68.66 (1.18) 25.64 (0.67) 4.28 (0.1) 0.103
(0.0014)
168 71.27 (1.12) 22.90 (1.29) 5.12 (0.12) | 0.67 (0.011)
192 66.03 (0.76) 26.77 (5.46) 5.83(0.12) | 0.79 (0.051)
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Table B2: Nitrogen species and sodium data for bioreactor with chabazite

Time NHa*-N Na* NOz -N NOs -N
(hr) (meg L) (meg L) (meg L) (meg L)
0 80.13 (0.5) 24.75 (2.5) | 0.023(0.0021) | 0.27 (0.17)
24 10.32 (6.9) 65.35 (2.6) | 0.36 (0.51) 1.29 (0.16)
48 9.55 (3.9) 62.31(6.0) | 0.28(0.45) | 3.14(0.169)
72 9.29 (0.34) 60.34 (2.9) | 0.43(0.21) 4.39 (0.17)
96 7.56 (4.21) 61.33(7.0) | 0.28(0.32) 5.68 (0.41)
120 7.82 (6.37) 60.53 (3.1) | 0.47 (0.48) 6.66 (0.89)
144 7.42 (0.7) 57.52(1.9) | 0.43(0.38) | 7.95(0.071)
168 7.31 (4.06) 50.44 (2.8) | 0.36(0.27) | 10.31(0.56)
192 6.98 (0.25) 49.16 (3.2) | 0.014 (0.005) | 11.37 (0.59)
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