CHAPTER 1

INTRODUCTION

1.1. Background

Livestock farming has been transformed from small family owned farms to larger scale
industrial farms to adequately supply food to an increasing population. The number of large
farms, also called confined animal feeding operations (CAFOSs), in the U.S. increased from 3,600
up to 12,000 in a period of 20 years (GAO 2008). CAFOs have improved the efficiency of
animal production; however, large amounts of manure are produced that must be treated and
disposed. This waste contains high concentrations of organic matter, nutrients (such as nitrogen
and phosphorus), pathogens, trace metals, pharmaceuticals and salts. Livestock production also
results in emissions of particulate matter and gas phase pollutants, such as ammonia and
methane, into the atmosphere. If manure is not managed properly, it becomes an environmental
threat to both surface and groundwater systems. Among these threats, excess organic matter and
nutrients in receiving waters can result in eutrophication, low levels of dissolved oxygen and

stimulation of toxic algal blooms, which can be harmful to aquatic life (Bowman et al. 2000).

In the livestock industry, the largest transformation from small to large-scale industrial
farming has been observed in swine farming, which represents 40% of the world’s meat demand
(Choi, 2007). The common practice at these facilities is to retain the waste in an anaerobic
lagoon to stabilize the organic matter and nutrients before spreading it as a solid or liquid

fertilizer on nearby cropland (USEPA 2000). This process is low in cost, but is limited by the






Figure 3-3. Ammonium uptake by GW pretreated chabazite; comparison with (A) Na* and
DI pretreatment; and (B) 10 and 30 mg L™ HA pretreatment.

Moussavi et al. (2011) showed that the presence of humic acid (10 mg L™) improved
NH,4" uptake by reducing the mass transfer resistance from the bulk solution onto the adsorbent
(Moussavi et al., 2011). HAs are also well known to play a role in sequestration of metal cations
by forming complexes with —OH and —COOH groups (Pandey et al., 1999). Groundwater used in
this study had a HA concentration of 14 mg L™. After pretreatment all of the HA was adsorbed
(Table 3-1). Therefore, it is possible that the enhancement in the NH," removal rate was caused
by the loading of HA into the chabazite. To test this theory, chabazite was treated with HA at
concentrations of 10 and 30 mg L™ (Figure 3-3B). At a contact time of 4 hours the uptake
(removal) order was: GW (83%) > 30HA (56%) > 10HA (45%). At a contact time of 24 hours
all treatments had an uptake of approximately 90%. An increase in HA concentration enhanced
the NH," uptake, but not as much as the GW pretreatment. HA pretreatment significantly
affected the kinetics during the first 4 hours of contact (p-value 2.86E-03 and 4.42E-04 for 10
and 30 HA pretreatment, respectively). At 10 to 24 hours of contact, the kinetics were slightly

improved when compared with GW pretreatment (p-value 0.951 and 0.401 for 10 and 30 HA
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pretreatment, respectively). Based on these results, the presence of HA in GW was not

responsible in enhancing the NH;" uptake observed.

3.3.4. Kinetics Studies

Kinetic data were analyzed using a pseudo first-order kinetic model (Eq. 3). All
experimental data fit the model well based on R? values, except for 30HA pretreatment strategy,
as shown in Table 3-4. The model fit to the GW pretreatment data is shown in Figure 3-3B,

which was similar for the other pretreatments tested in this study. The calculated coefficient of
e Was 6.06, 5.57, and 6.39 mg-N g-chabazite™ for GW, Na*, and DI pretreatment, respectively.
The k, obtained was 1.05, 0.37, and 0.63 h* for GW, Na*, and DI pretreatment, respectively;
GW pretreatment having the highest value (p-value 0.0028). The higher the value of k_, the

greater the adsorption. As shown previously (Sec. 3.3.3.), the NH;" uptake of the pretreatment

strategies followed an order of GW > DI > Na > 30HA > 10HA which is in agreement with the

determined k; coefficient.

Table 3-4. Pseudo first order kinetic model and film diffusion coefficients.

A qe, exp Kl qe, cal Df
Chabazite
Pretreatment (mg-N/g) (hh (mg-N/g) R? (m?/hr)

GwW 6.30 1.05 6.06 0.986 5.44E-10

Na 5.57 0.37 5.25 0.961 3.83E-10

DI 6.62 0.63 6.39 0.942 2.33E-10

10 HA 6.58 0.28 6.35 0.866 1.12E-10

30 HA 6.41 0.38 6.24 0.925 1.96E-10
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lon exchange kinetics are controlled mainly by three mechanisms: (1) diffusion across the
liquid film surrounding the particle - film diffusion; (2) diffusion in the liquid contained in the
pores and/or along the pore walls — intra-particle diffusion; and (3) adsorption and desorption
between the adsorbate and active sites — mass action (Qiu et al., 2009). Of these steps, film and
intra-particle diffusion usually offer greater resistance to mass transfer; therefore, either can act
as rate limiting steps in the process (Alberti et al., 2012; Qiu et al., 2009). The mechanism of
NH," uptake by the different pretreatment strategies was further analyzed by using the film
diffusion coefficient (Eq. 4). Coefficients for this model are summarized in Table 3-4. Film
diffusion depends on the thickness of liquid film around the zeolite (¢'); in this study a value of
10 m for poorly stirred solution was utilized (Lin et al., 2013; Moussavi et al., 2011). Kinetic
batch tests were mixed at 170 rpm; which is sufficient to decrease external mass transfer
resistance and decrease & (Erdogan & Ulkii, 2011). The greater the film diffusion coefficient (

D, ) indicates a decrease in the external mass transfer resistance. Comparison of D, between

pretreatment strategies indicates that GW pretreatment resulted in a greater value, hence showing
that the pretreatment significantly improved the film diffusion mechanism (p-value 0.029).

3.4. Conclusions

The aim of this study was to perform GW pretreatment of chabazite to reduce Na*
desorption and microbial inhibition. The effect of GW pretreatment with respect to kinetics and
cation exchange capacity for NH," removal was evaluated and compared with other common

pretreatment practices. Results showed that GW pretreatment:

e Successfully decreased the Na* loaded into chabazite without significantly decreasing the

NH," exchange capacity.
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e Improved the kinetics of NH4" removal during the first four hours of contact as a result of
enhanced film diffusion mechanism.

GW pretreatment was shown to be superior to the other pretreatment practices in
enhancing the kinetics of NH,", while the exchange capacity was not significantly enhanced.
This is an important finding since the utilization of chemicals is not necessary to improve the key
parameters in 1X with chabazite; resulting in a more economical pretreatment process. The
results of this research can decrease reactor volume requirements in applications where 1X and

biological treatment processes are combined.
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CHAPTER 4

BIOREGENERATION OF CHABAZITE DURING NITRIFICATION OF

ANAEROBICALLY DIGESTED CENTRATE

4.1. Introduction

Livestock wastes can contain high concentrations of nutrients, organic matter, pathogens,
trace metals, salts, pharmaceuticals, and other compounds of concern (Guan & Holley, 2003;
Hatfield et al., 1998; Varel et al., 2012). If manure is not managed properly, it becomes a threat
to surface and groundwater systems, resulting in eutrophication, depletion of dissolved oxygen
(DO), and fish kills. To address these risks, anaerobic digestion (AD) of livestock manure from
concentrated animal feeding operations (CAFOSs) can stabilize organic matter while
simultaneously producing methane, which can be used as a biofuel (Cantrell et al., 2008).
Although the effluent from AD is rich in nutrients and can be used as a fertilizer, available
cropland near large CAFOs often cannot assimilate all of the nutrients present, and further
treatment of AD effluent may be needed (Massé et al., 2011). For example, biological
nitrification and denitrification have been successfully applied to treat centrate (the liquid waste
produced from AD effluent) in some swine-production CAFOs (Kunz et al., 2009; Vanotti et al.,

2007; Yang & Gan, 1998).

A challenge in the treatment of anaerobically digested swine waste (ADSW) centrate is

inhibition of the nitrification process due to the presence of high free ammonia (FA)
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concentrations. Concentrations of FA in aqueous solution depend on the concentration of total
ammonia nitrogen (TAN), pH, and temperature of the waste stream (Weiner, 2012).
Concentrations of FA range from 10 to 550 mg L™ (as N) in ADSWs at 20 °C with a pH range of
7.5-8.5 (Boiran et al., 1996); such concentrations have been shown to be inhibitory to nitrifying

bacteria (Anthonisen et al., 1976; Kim et al., 2008).

A possible strategy for overcoming inhibition of nitrification during treatment of high-
TAN wastewaters is combining ion exchange (IX) with nitrification to suppress the
concentration of ammonium (NH,") in solution and, hence, FA (Green et al., 1996; Jung et al.,
2004). The most commonly used materials for cation exchange in wastewater treatment are
natural zeolites, which are porous aluminum silicate minerals with high cation exchange
capacities and high selectivity for NH," (Hedstrom, 2001). The equilibrium exchange reaction

between cations attached to the zeolite (Z) and NH," in solution is shown in Equation 1.

Na* Na™*

K* K* 1
Z- +NH; < Z-NH " + [1]

Ca2+ Ca2+

Ma2+ Mg 2+

Of more than fifty species of zeolites, clinoptilolite is the most commonly used due to its
low cost; however, chabazite has a higher NH4" exchange capacity than clinoptilolite
(Langwaldt, 2008; Wang & Peng, 2010), which may be advantageous in applications where the
zeolite can be regenerated and reused. Regeneration is most often accomplished by exposing the
saturated zeolite (Z-NH,") to a concentrated salt solution, such as sodium chloride (NaCl) or
sodium bicarbonate (NaHCO3) (Guo et al., 2013; Koon & Kaufman, 1975). However, the waste
brine produced from this process, which contains both high Na* and NH,* concentrations,
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presents a disposal problem (Farag & Harper, 2014; Maas, 1993; Sanchez et al., 2004). An
attractive alternative to disposing of the waste brine is to treat it using salt-tolerant nitrifying
bacteria (Green et al., 1996; Semmens & Porter, 1979). This allows the treated brine to be
reused for several zeolite-regeneration cycles prior to disposal. However, this procedure still
has some drawbacks, including the need to add salt for zeolite regeneration, the need for separate
reactors, one for zeolite adsorption and regeneration and one for brine treatment, and the need to
use halophilic nitrifying bacteria. Furthermore, a portion of the spent zeolite may need to be

wasted (He et al., 2007; Wei et al., 2011).

To overcome these drawbacks, we here propose and demonstrate a novel method for IX-
assisted nitrification with simultaneous direct bioregeneration of NH,"-saturated chabazite. In
the process described here, a small fraction of NH," is desorbed from the zeolite by cations
present in the wastewater or chemicals added to supplement alkalinity losses during nitrification.
Nitrifying bacteria oxidize NH4" in solution, and desorption continues until the NH,"
concentration in solution decreases to negligible values. A major advantage of this approach is
that the chabazite dose can be set so that the concentration of FA in solution remains below the
inhibitory concentration for nitrification. In addition, there is no waste brine produced, the use of
halophic nitrifying bacteria is not necessary, and the process can be carried out in a single

reactor.

The goal of this paper is to demonstrate the novel process described above for treatment
of high-ammonia wastewaters, with particular application to ADSW. The two guiding
hypotheses are that chabazite addition can increase the nitrification rate by easing inhibition from
FA, and that nitrifying bacteria can directly bioregenerate chabazite-NH,", allowing reuse of the

chabazite for additional cycles. The specific objectives were to (1) determine the effectiveness
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of chabazite addition for reducing the inhibition of nitrification of high-TAN strength
wastewaters (such as ADSW); and (2) assess the feasibility of directly bioregenerating chabazite

via biological nitrification.
4.2. Materials and Methods
4.2.1. Anaerobically Digested Swine Waste Centrate

A pilot-scale anaerobic digester managed in our laboratory as a semi-continuous batch
reactor with a working volume of 26 L supplied the ADSW centrate for this study. The reactor
was operated at a 21 day solids retention time (SRT) by feeding 2.6 L of swine manure collected
from a local farm three times per week. Additional details on pilot reactor operation can be found
elsewhere (Amini, 2014). ADSW centrate was obtained by centrifuging the effluent from the
reactor at 4000 rpm for 15 min in a Thermoscientific Sorvall Legend RT Plus (Waltham, MA) to
remove biosolids. A characterization of the ADSW centrate is provided in Table 4-1. In addition,
two synthetic wastewaters were used in the experiments. Synthetic wastewater S-1 (Table 1) was
formulated to contain NH4* and cations at similar concentrations to real centrate (g L™): NH,CI
(3.8), NaHCOs3 (2.0), K,HPO, (0.4), NaCl (1.9), KCI (0.9), MgCl,-6H,0 (2.0) and CaCl,-H,0
(2.4) in deionized water. Synthetic wastewater S-2 was used in the nitrification inhibition studies
and consisted of deionized water with 2.0 g L™ NaHCO3, 0.4 g L™ K,HPO,, and varying

concentrations of NH,* (0.06-3.8 g L™).
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Table 4-1. Characterization of anaerobically digested swine waste centrate.

ADSW s-1
Parameter Units centrate

NH,* mg-N L™ 861 + 99 1,000

Na' mg L™ 275 + 85 700

K* mg L™ 693 + 211 450

Ca™* mg L™ 373 £62 660

Mg~ mg L™ 136 + 27 240

PO~ mg-P L™ 58 + 9 70

Ph 7.28 £0.20 75
Alkalinity | CaCO3 mg L 2,000

! 3,100 + 114
sCOD mg L™ 1,900 + 220

4.2.2. Chabazite

Chabazite (ZS500H) was obtained from St. Cloud™ Zeolite (Winston, New Mexico). St.
Cloud™ Zeolite data sheet provided a characterization of chabazite indicating that sodium (Na®)
is the main cation loaded. Chabazite was sieved to obtain a particle size range of 1 to 2 mm, and

pretreated as described in Chapter 3.
4.2.3. lon Exchange Studies

Batch ion exchange (IX) tests were performed using USEPA protocols to determine the
required chabazite dose and contact time to reduce the NH," concentration below the inhibitory
level for nitrification (USEPA 1992; USEPA 2008). Varying masses of chabazite (0, 2.5, 3.75, 5,

10, 20, and 30 g) were placed in contact with a fixed volume (200 mL) of ADSW centrate (806 +
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external organic substrate from the previous cycle most likely provided the electron donor for
this process. He et al. (2007) reported that addition of zeolite powder to an SBR favored the
formation of large granular sludge with anoxic zones, resulting in 38% TN removal during the
nitrification stage. The higher TN removals observed during the aerobic stage in our study may
have been due to the larger zeolite particles or the higher roCOD/TN ratio during the aerobic

stage.

A number of BNR processes have been developed over the last decade where NH," is
transformed to N, with reduced oxygen and organic substrate requirements, such as shortcut
nitrogen removal (Peng & Zhu, 2006) and the nitritation-anammox process (Fux et al., 2002).
Those pathways are advantageous because of the decreased operational costs compared with
conventional BNR. However, they require strict control of operating parameters such as pH, DO
and SRT (Sun et al., 2010). In contrast, the chabazite-SBR presented in this research provided
efficient TN removal without strict operational controls, which may be advantageous in on-farm

operations.

Figure 5-6. Photograph of the chabazite-SBR during the aerobic stage showing zeolite
material settling despite mixing.
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5.3.3. External Electron Donor Dose Studies

To investigate the effect of external carbon source addition on nitrification and
denitrification in the chabazite-SBR, the glucose dose was decreased from 3.38 to 0.56 g-COD
L in stages, and then increased to 1.69 and finally 2.82 g-COD L™. Average NO3 and NO,’
concentrations after the nitrification (Stage 3) and denitrification stages (Stage 7) for each carbon
dose (based on at least 4 consecutive cycles) are summarized in Figure 5-7. TN removal
efficiencies of 96, 97, 81, and 72% were achieved at external carbon doses of 3.38, 2.82, 1.69,
and 0.56, g-COD L™, respectively (Figure 5-2A). Average COD/N ratios of 4.0 (+ 0.29), 3.2 (+
0.10), 2.0 (+ 0.25), and 0.8 (+ 0.09) g-COD g-N were calculated for the different external
carbon source additions. Maximum TN removals were observed at an average COD/N ratio of
3.2 g-COD g-N (corresponding to external carbon addition of 2.82 g-COD L™), which is close
to the theoretical required COD/N ratio of 2.86. As the external carbon dose was decreased,
there were increases in NO3™ concentration in the effluent due to incomplete denitrification.
However, effluent NO," concentrations increased with increasing carbon dose, except at the dose
of 3.38 g-COD L™. This shows that the reduction of NO5 to NO,", which corresponds to the first
reaction step of denitrification, is occurring at a faster rate. For the carbon dose of 3.38 g-COD L~
! due to the excess in carbon, it promotes a complete denitrification with faster rate in both
reaction steps. COD removals of 9, 51, 69, and 54% were observed at carbon doses of 3.82, 2.82,
1.69, and 0.56 g-COD L™, respectively (Figure 5-2B). Lower COD removals were observed at
higher external organic carbon doses, indicating that carry-over of COD likely interfered with
degradation of slowly biodegradable COD (sbCOD) present in the ADSW during the aerobic
stages. The results show that organic carbon dosing needs to be carefully controlled in this

process if stringent effluent TN and BODs requirements need to be met.
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Figure 5-7. Concentrations of (A) NO3 and (B) NO;" after nitrification and denitrification
during chabazite-SBR operation.

5.3.4. Effectiveness of Ammonium Exchange

NH," concentrations at the beginning and end of Stage 2 (1X) are shown in Figure 5-8.
NH," removal efficiencies during 1X were calculated from these data and are also shown in
Figure 5-8. The average NH,"-N concentration after the X stage was 139 (+ 40) mg-N L™.
Calculated FA concentrations after Stage 2 were maintained below 7.69 mg-N L™ throughout the
experiment. These results show that the proposed chabazite-SBR process could maintain FA
concentrations below the level shown to inhibit nitrification (Chapter 4). Over 40 cycles of
operation, an average NH," removal efficiency during the 1X stage of 82% was achieved, with
no decreasing trend in regeneration efficiency over time. In the system, the nitrification rate was
2.40 mg-N L™ hr, therefore only 1.3% of NH," removal could be attributed to biological
nitrification during the first five hours. These results show that in contrast to prior studies (He et
al., 2007; Jung et al., 2004; Wei et al., 2011), additional zeolite was not required to maintain the

IX efficiency in the chabazite-SBR over forty weeks of operation.

65



1200 100

1000 | [ @i Seet e

800

600 -E-Influent
lon Exchange
® Ix Efficiancy 40

400

Ammonium Concentration (mg-N/L)
o
=]
lon Exchange Efficiency (%)

200

0 5 10 15 20 25 30 35 40
Operational Cycles

Figure 5-8. Bioregeneration efficiency during 40 cycles of chabazite-SBR operation.

5.4. Conclusions

The goal of this research was to develop a process that could efficiently remove TN from
ADSW centrate using a particulate chabazite amended SBR that included aerobic and anoxic
stages. Long-term experiments were conducted with a bench-scale chabazite-SBR. An overall
TN removal efficiency of 84% was achieved, with specific nitrification and denitrification rates
of 0.43 and 1.49 mg-N g-VSS™ hr, respectively. A TP removal efficiency of 54% was achieved,
most likely due to precipitation of P minerals and biomass uptake. Based on an N species mass
balance, SND appeared to be occurring in the biofilm surrounding the chabazite particles,
resulting in improved TN removal and alkalinity control. The effectiveness in TN and COD
removal was dependent on the external organic carbon dose added at the beginning of the
denitrification stage, with a COD/N ratio of 3.2 g-COD g-N" resulting in both high TN (97%)
and COD (51%) removal efficiencies. The IX stage was able to reduce FA concentrations to

below the inhibitory level for nitrification inhibition over 40 chabazite-SBR cycles with no loss
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in IX efficiency over time and no fresh zeolite added to the reactor. The results indicate that
bioregeneration efficiency did not decrease over time and that chabazite was not lost during
biomass wasting or decanting stages. The chabazite-SBR was shown to work well for treatment

of high NH," strength wastewaters without requiring strict control of operational parameters.
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CHAPTER 6

CONCLUSIONS

Anaerobic digestion (AD) has been shown to be an effective technique for energy
recovery and treatment of livestock wastes, municipal sludges and industrial wastewaters.
However, further treatment is required to remove nitrogen from AD effluents to avoid detriments
to surface and ground waters. The high free ammonia (FA) concentrations present in AD
effluents can inhibit nitrification processes in conventional biological nitrogen removal (BNR)
systems. The overall goal of this research was to develop a process for removal of nitrogen from
AD swine waste (ADSW) effluent. The proposed solution was to incorporate particulate
chabazite, which has a high cation exchange capacity, into a sequencing batch reactor (SBR) to
adsorb ammonium and therefore ease nitrification inhibition. The process developed is called a
chabazite-SBR. The research was divided in three parts; their corresponding research questions,

objectives and major findings were:

1. How does chabazite pretreatment with groundwater (GW) affects the kinetics and cation
exchange capacity during NH," uptake? (Chapter 3)
e Objective 1: Investigate changes in zeolite composition after GW pretreatment.
GW pretreatment did not affect chabazite structure; however, Na* was the main cation in

the chabazite composition that was decreased.

e Objective 2: Determine if there is an enhancement in the kinetics and exchange capacity with

GW pretreatment when compared with other common pretreatment practices.
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The exchange capacity was slightly higher for GW pretreated chabazite compared with
the other common pretreatment strategies; however, this enhancement was not significant. The
kinetics of NH," uptake during the first four hours of contact significantly improved when
pretreatment of GW was performed compared with other common pretreatment strategies. This

was caused by an enhancement in film diffusion mechanisms

The findings of this first part of the research were important because it was shown that
NaCl pretreatment is not needed to improve the kinetics and cation exchange capacity of
chabazite. A benefit of using GW for pretreatment is that less Na* is exchanged, lessening the

negative effect of Na* inhibition on nitrification when used in a biological process.

2. How does addition of chabazite to ADSW centrate affect nitrification rates? (Chapter 4)

e Objective 1: Determine the chabazite dose and contact time needed to ease FA inhibition.
For the mixed liquor tested in this study, NH," concentrations must be maintained below

200 mg-N L™ to relieve nitrification inhibition. Treatment of ADSW centrate with an initial

NH,* concentration of 1,000 mg-N L™ requires a chabazite dose of 150 g L™ to ease FA

inhibition of nitrification.

e Objective 2: Determine the effectiveness of chabazite addition in reducing nitrification
inhibition during treatment of ADSW centrate.
The rate of nitrification increased by approximately a factor of 3 when chabazite was
added to a batch reactor treating high NH," strength wastewater. However, Na" release from the

chabazite also plays a role in nitrification inhibition.
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The findings of this part of the research showed the potential for using chabazite for
overcoming FA inhibition of nitrification during treatment of high NH," strength wastewater.

Results were used in the design the chabazite-SBR.

3. How effective is the chabazite-SBR in removing total nitrogen concentrations from ADSW
centrate? (Chapter 5)
e Objective 1: Investigate the fate of nitrogen compounds in a chabazite-SBR during treatment
of ADSW centrate.
The chabazite-SBR process achieved stable TN removal from ADSW centrate during the

40 weeks of operation. Simultaneous nitrification-denitrification reduced alkalinity requirements.

e Objective 2: Investigate the effect of varying external electron donor dose on reactor
performance.
Addition of an external organic carbon source at a rate of 3.2 g-COD g-N" resulted in
maximum TN removal. An overall TN removal efficiency of 84% was achieved, with specific

nitrification and denitrification rates of 0.43 and 1.49 mg-N g-VSS™ hr, respectively.

e Objective 3: Investigate IX efficiency of the zeolite material in the chabazite-SBR.

The IX stage of the chabazite-SBR was able to reduce FA concentrations to below the
inhibitory level for nitrification inhibition over 40 chabazite-SBR cycles with no loss in X
efficiency over time and no fresh zeolite added to the reactor. In addition, bioregeneration
efficiency did not decrease over time and chabazite was not lost during biomass wasting or

decanting stages.

The chabazite-SBR developed in this research was efficient in removing TN and other

pollutants (TP and COD) from ADSW centrate. Chemical addition requirements for pH control,
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alkalinity and carbon source were reduced compared with conventional BNR making the process
more-cost effective. This system was shown to work well for treatment of high strength NH,*
wastewaters without requiring strict control of operational parameters, which is required in other
side-stream treatment processes, such as SHARON-Anammox. The chabazite-SBR operated at a
high SRT that results in prolonged aeration, increasing energy consumption; further research is
needed to reduce the SRT. Also, further research should be performed in increasing the loading

rate for this process.
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APPENDIX A:
ZEOLITE SELECTION
During the development of this dissertation work, there were additional experiments
performed that are not presented in the main chapters of this document. These experiments are
preliminary results that support the work performed in this dissertation; also, could be further

developed into more complex research questions.

Of the more than 50 types of zeolites, clinoptilolite is the most abundant; therefore is
readily available making it the most studied and utilized zeolite. However, chabazite has higher
cation exchange capacity and based on this fact, it was selected for the amended SBR studies.
The cost of chabazite is estimated to be $3,500 per ton, while clinoptilolite was estimated to be
$250 per ton (Amini, 2014). When implementing a technology, cost is fundamental in decision
making. If there were a need in reducing cost of the chabazite-SBR system presented in this

dissertation, an alternative could be to replace chabazite with clinoptilolite.

The goal of this experiment was to compare the performance of NH," uptake by
chabazite with that of clinoptilolite from different tuft. The information obtained from this study
could be used to perform an in depth cost analysis. Also, the information could aid with
decisions in modifications of the chabazite-SBR system. Specific objectives were to: (1)
determine dose and contact time for NH4* removal using four types of zeolites; and (2)
determine the efficiency of NH," removal when there are competing cations present in the

wastewater.
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Chabazite was purchased from St. Cloud Mining Company (Winston, New Mexico); in
addition the company provided samples of clinoptilolite from two different tufts. The
clinoptilolite identification numbers given by the company are ZS403H and ZK408H; in this
study we referred to the products as clinoptilolite-A and clinoptilolite-G, respectively. A third
clinoptilolite sample was supplied from Zeo Inc called ZeoSand® that we referred to as
clinoptilolite-V. The four zeolites were pretreated with groundwater following the protocol
described in Chapter 3. The particle size of the tested zeolite was 0.60 mm. Testing of zeolite

included kinetics and isotherm batch studies and SEM-EDX which are described in Chapter 3.

The NH," uptake efficiency during 24 hours of contact using the four tested zeolites is
shown in Figure A-1. Two solutions were tested which contained an initial NH," concentration
of 1,000 mg-N L™in deionized water and in a solution containing competing cations (390 mg L™
Na*, 490 mg L K*, 460 mg L™ Mg?*, 270 mg L™ Ca*"). At a contact time of 4 hours, when
testing the NH,4" in deionized water, the NH," uptake efficiency was 92%, 82%, 70% and 40%
for chabazite, clinoptilolite-Y, clinoptilolite-V and clinoptilolite-G, respectively. At a contact
time of 24 hours the NH," uptake efficiency was 93%, 91%, 89%, and 64% for chabazite,
clinoptilolite-Y, clinoptilolite-V and clinoptilolite-G, respectively. Chabazite resulted in superior
uptake efficiency as expected, because it has a higher exchange capacity. However, the
maximum adsorption occurs at 4 hours of contact, while the tested clinoptilolite requires > 24
hours of contact for maximum uptake. The NH," uptake efficiency, when competing cations
were present, resulted in a decrease in NH," adsorption for all the tested zeolites; however,

chabazite was the least affected.
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Figure A-1. Effect of time in NH;" uptake by zeolite in contact with a solution of NH," in
deionized water and with competing cations (Na*, K*, Mg*, Ca*").

The effect of zeolite dose in the NH4" uptake efficiency is shown in Figure A-2. At a dose
of 150 g-zeolite L™ the uptake efficiency observed was 90%, 86%, 89% and 57% for chabazite,
clinoptilolite-Y, clinoptilolite-V and clinoptilolite-G, respectively. However, clinoptilolite-G will

require a dose of 300 g-zeolite L™ to result in higher uptake efficiency.
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Figure A-2. Effect of NH," uptake at varying dose of zeolites.

Knowing which cations are loaded in the zeolite could be beneficial, since during the
exchange this will be released into solution. The zeolite could be selected for the desired
application based in the cation loaded either to benefit microbes providing macronutrients or
promote a mineral precipitation such as struvite. The composition of the tested zeolites is
provided in Table A-1. The main cation loaded in chabazite is Na*, for clinoptilolite G and V is
iron (Fe), and for clinoptilolite-Y is K. For the application of hybrid IX biological process tested
in this dissertation, clinoptilolite looks favorable because it has less Na*, hence it could lessen

nitrification inhibition caused by the Na".

The replacement of chabazite with clinoptilolite to lower cost in the hybrid IX biological
process tested in this dissertation (chabazite-SBR) is feasible if clinoptilolite Y or V are used.
However, when competing cations are present, chabazite is the best option due to its lower
impact during NH," uptake.
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Table A-1. Composition of zeolite.

Components
wt (%) Chabazite Clinoptilolite — G | Clinoptilolite—Y | Clinoptilolite - V

Si 31.65+1.33 37.57+1.23 36.78 + 2.99 36.19 +2.20

Al 9.04 +0.35 7.40+0.23 6.15 £ 0.65 6.82 £ 1.04

Fe 6.25+1.80 4.09+1.30 2.20+£0.84 7.85+4.08

Na 7.19+0.61 0.26 + 0.05 2.09+0.16 0.53+0.12

K 1.02+0.13 3.63+£0.77 4.18 £0.90 5.71+£0.72

Ca 0.83 +£0.05 344 +£0.35 4.05+3.77 2.16+£0.31

Mg 0.54 £ 0.05 0.84 £ 0.07 0.73+0.48 0.32+0.06
Si/Al ratio 3.50+0.06 5.09 £ 0.27 6.02 £ 0.65 5.42 +0.86
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APPENDIX B:
PHOSPHATE REMOVAL BY CHABAZITE

During the operation of chabazite-SBR it was observed an overall TP removal of 54
percent. Phosphate (P) minerals are precipitated in the presence of cations and given the
appropriate pH. For example, struvite is a phosphate crystal with molecular formula of
NH4MgPO,4+6H,0, that at a pH of 8.5-9.0 (Huang et al., 2014) precipitates; our system operated
at a pH lower than 8.5. Zeolites are described to also be capable of sieve molecules; due to this
capability TP removal could have gone thru this mechanism. To test this idea, a batch test was
performed to answer the following research question: Is chabazite capable of removing P by

molecular adsorption?

The batch test consisted in placing chabazite (9 g) in contact with 200 mL phosphate
(POy) solution (100 mg-N L) with mixing for 24 hrs. An additional batch test containing
chabazite (9 g) in contact with 200 mL of NH," (400 mg-N L) and PO, (100 mg-P L™) solution
was included. As shown in Figure A-3, there is no P removal when both tested solutions were in

contact with chabazite. It can be concluded that PO, is not removed by molecular sieve.
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Figure B-1. Chabazite in contact with a PO, solution, with and without NH," exchange.
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APPENDIX C:
BIOREGENERATION OF CHABAZITE INSIDE A MEMBRANE
During batch testing it was observed that mixing of solutions containing free zeolite
particles has led to the breakdown of particles. This created the concern of a possible zeolite loss
during chabazite-SBR operation at the biomass wasting or decanting the treated effluent. Losing
zeolite will result in the need of dosing additional chabazite. An alternative that may avoid loss
of zeolite is to place the material inside a fine meshed pouch (zeo-pack). However, having the
material in a pouch could affect nitrification rate, hence bioregeneration. The research question
answered in this experiment was: Is nitrification rate of Z-NH," affected by enclosing the

material in a pouch?

Two nitrification batch tests with free floating and inside a pouch chabazite (90 g) were
carried out to treat 600 mL of synthetic wastewater (1,000 mg L™ NH4*-N). The pouch was made
of 30 microns mesh size nylon fabric (SEFAR NITEX®, Heiden, Switzerland) that seals by
heating. Sampling at time 0, 4, 24, 48, 72, 96, 120, 144, and 168 hours was performed to
measure NH," and NOs™ concentrations. The batch test had 4.2 g L™ of VVSS concentration and

pH was maintained to 7.5.

NH," and NO3™ concentrations over 168 hours of nitrification of Z-NH," are shown in C-
1. Specific nitrification rates of 0.19 and 0.08 mg-N g-VSS™ hr'* were obtained for zeo-pack and

free floating zeolite, respectively. Nitrification rate was not affected by placing the zeolite in the
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pouch, on the contrary the rate was improved by a factor of 2.4. A possible reason for the

increased nitrification rates may be due to an increase in biofilm carrier surfaces.
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Figure C-1. Nitrogen concentrations during nitrification of Z-NH," (A) zeo-pack and (B)
free floating zeolite.
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