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ABSTRACT

Zeolite‐Based Algae Biofilm Rotating Photobioreactor
for Algae and Biomass Production

by

Ashton M. Young, Master of Science
Utah State University, 2011

Major Professor: Dr. Ronald C. Sims
Department: Biological Engineering

Alkaline conditions induced by algae growth in wastewater stabilization ponds create
deprotonated ammonium ions that result in ammonia gas (NH3) volatilization. If algae are
utilized to remediate wastewater through uptake of phosphorus, the resulting nitrogen loss will
hinder this process because algae generally require a stoichiometric molar ratio of N16P1. Lower
ratios of N/P due to loss of ammonia gas will limit the growth and yield of algae, and therefore
will reduce phosphorus removal from the water phase into the algae phase. In order to reduce
nitrogen loss through volatilization, an ammonium selective zeolite, clinoptilolite, can be used to
sequester nitrogen from the water phase as ammonium ion and in a form that is bioavailable for
uptake and growth of algae.

A novel algae biofilm rotating photo bioreactor (RPB) with

clinoptilolite integrated to the outermost surface as the substratum for algae biofilm
attachment and growth has been designed, constructed, and tested for ammonium capture and
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algae biomass production, with simultaneous removal of the algal nutrient phosphorus from
water. The clinoptilolite‐based RPB (cRPB) provides algal biomass that can serve as feedstock for
biofuel production through uptake of zeolite‐based nitrogen and water phase phosphorus.

(134 pages)
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CHAPTER 1
INTRODUCTION AND RESEARCH OBJECTIVES

In recent years the need for alternative sustainable energy has been a focus for the
United States. Non‐petroleum based fuels have become an option to reduce the dependence
on foreign oil and reduce concerns associated with global warming. Algae, a promising
feedstock for the production and generation of biofuels, has received considerable attention
because it is a renewable, biodegradable, non‐toxic fuel and has advantages including higher
photosynthetic efficiency, higher biomass production, and faster growth compared to other
energy crops [1]. Algae can be grown on less land with poor water quality as compared with
conventional plant based feed stocks [2]. Algae feed stocks used for biofuel production do not
compete with traditional agricultural resources that are necessary for food production [2, 3]. If
biofuels are to compete with fossil fuels, production costs and methods would need to be
improved in order to minimize costs [4, 5].
Facultative wastewater stabilization ponds serving the city of Logan Utah contain
nutrients available for green algae production. Natural algae growth occurring in this system
can potentially facilitate nitrogen and phosphorus removal and be used for biofuel production
[3]. Much of the influent nitrogen can be easily hydrolyzed into ammonium ions that are
deprotonated, and the nitrogen is removed from the system as ammonia gas due in part from
elevated pH levels caused by natural algae growth (see Fig. 1 and Fig. 2). The inorganic
phosphorus is not removed by volatilization and remains in the system to be cycled in and out of
algae cells throughout algae life cycles [3]. This nutrient is potentially released into bodies of
water downstream from the treatment plant that can initiate eutrophication. To prevent the
eutrophication of downstream aquatic habitats, regulatory limits for phosphorus discharged
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The Utah Department of Environmental Quality (UDEQ) released a Total Maximum
Daily Load (TMDL) final report on the Middle Bear River and Cutler Reservoir in Cache Valley,
Utah [6]. This report states that the Cutler Reservoir has been impaired for warm water fishery
use since 2004. Phosphorus is identified as the problem nutrient, and it is credited for creating
the algal blooms and corresponding low dissolved oxygen (DO) conditions that impair the
fishery. The UDEQ will require 6831 kg TP (60.8%) and 9766 kg TP (45.2%) load reductions of
effluent phosphorus from the Logan WWSPs to the Cutler reservoir during the summer (May‐
Oct) and winter (Nov‐Apr) seasons, respectively [6]. The current concentration of the
wastewater effluent needs to be reduced from [3.65 mg/L] and [3.46 mg/L] to [2.22 mg/L] and
[1.56 mg/L] for the summer and winter seasons, respectively [6]. There are conventional
chemical and biological treatment systems that could be used to meet the regulatory limits for
phosphorus and nitrogen [7], but phosphorus removal through biological sequestration by algae
harvested as a biofuel feedstock can be an option and has been considered for nutrient removal
and algae biomass production for the Logan wastewater stabilization ponds [3].
If algae are to be used to remediate wastewater of phosphorus, then volatilization of
ammonia is not desired for this treatment facility. For optimal growth, algae require nutrients in
the media with stoichiometric proportions of C106H181O45N16P [8]. With less nitrogen available
due to volatilization triggered by alkaline conditions of wastewater induced by algae growth,
less phosphorus from the water will be assimilated into the algae biomass. If ammonium ions
can be sequestered prior to ammonia volatilization and are bioavailable for algae growth,
additional aqueous phosphorus can be assimilated to the algae phase. Clinoptilolite, a naturally
occurring zeolite mineral, has cationic exchange properties that make it capable of achieving
ammonium ion sequestration.
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Natural zeolites have been used to improve treatment of municipal wastewater [9].
Accelerated nitrification of activated sludge was achieved with the use of clinoptilolite, which
selectively exchanges ammonium ions from wastewater and provides an ideal biofilm carrier for
nitrifying bacteria. The removal of the exchanged ammonium ions from the exhausted
clinoptilolite surface permits regeneration, which enables the same zeolite surface to be reused
[10‐13]. If this technology can be applied for algae biofilm growth, phosphorus will be removed
from the water along with nitrogen in the molar ratio of 1:16 into the algae biomass. The algae
biofilm produced could serve as feedstock for biofuel production. The zeolite surface can be
bio‐regenerated for continued nitrogen capture.
Using microalgae to treat wastewater requires that the microalgae produced be
harvested and removed from the wastewater in order to separate both nutrients and biological
oxygen demand (BOD) exerted by the algae from the wastewater [14]. However, because
microalgae are very small (5 to 15 microns) and usually have slow settling rates [15], harvesting
is not easily achieved and is consequently an expensive part of the cultivating process [16].
Harvesting can be accomplished by filtration or centrifugation, but such methods may be too
difficult or costly to implement [16, 17].
To avoid the need to harvest the algae biomass, suggestions have been made to
immobilize the cells in a gelatinous matrix where nutrients are freely diffusible to the
immobilized biomass [18, 19]. A disadvantage of using immobilized algae cells in a gelatinous
matrix is that the algae biomass cannot be harvested to be used as a biofuel feedstock.
Bacterial biofilms have been used to treat wastewater because they are efficient and
can perform as well as suspended microorganisms but with less use of space. One particular
technology is the rotating biological contactor (RBC) [20]. The compact design of the RBC allows
for increased bacterial biomass for treatment and removal of BOD in a compact design with
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increased surface area. A technology that can accumulate algae biofilm biomass in a relatively
small area [21] for tertiary treatment of wastewater for the removal of nitrogen and phosphorus
and allow for facilitated harvest will minimize costs of the algae feedstock that can be used for
biodiesel, biomethane, agar, Carrageenan, etc.
The overall goal of this research is to design, construct, and test a zeolite‐based algae
biofilm rotating photobioreactor that can be retrofitted to an existing wastewater lagoon
system and perform as an ammonium sink to propagate algae biofilm biomass for facilitated
harvest and production of biofuel.
The specific research objectives of this study are intended to:
(1)

Determine the exchange capacity and bioavailability of ammonium ions

exchanged onto the granular cation exchanger, clinoptilolite, for algae biofilm growth;
(2)

Integrate granular clinoptilolite into the substratum of a rotating

photobioreactor, and determine its surface properties and ammonium exchange
characteristics;
(3)

Compare the clinoptilolite rotating photobioreactor substratum with inert

exchange substrata for algae biofilm biomass production.
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CHAPTER 2
LITERATURE REVIEW
2.1 Need for alternative energy
Increased petroleum prices, especially after the energy crisis in the1970’s and the oil
price shock caused by the gulf war in the1990’s, created a bottleneck for the supply of energy
resources to an economy. Due to the geographic reduction and availability of petroleum, and
more stringent governmental regulations on vehicle emissions, researchers have directed their
attention to alternative fuels [22‐24].
Alternative fuel technologies that can produce fuels to potentially mitigate the
impending effects of the increasing shortage of transportation fuels are needed. It is known
that transportation is critically dependent on petroleum based fuels such as gasoline, diesel,
liquefied petroleum gas, and compressed natural gas. Alternative energy sources in the form of
biofuels will be critical to achieve a carbon neutral and sustainable fuel economy. The following
are relevant reasons why biofuels can be considered by both developing and industrialized
countries: energy security, foreign exchange savings, socioeconomic issues related to the rural
sectors of all countries in the world, increased research and development and level of services
for the rural population, reduced foreign energy dependence, promoted regional engineering,
moderated impact of electricity production, and the creation of employment [25‐27]. Also
Biofuels have become more attractive recently because of their environmental benefits [27‐31].
In general, the term biofuel refers to a solid, liquid, or gaseous fuel that is predominantly
produced from biomass [27, 32‐37]. In particular, attention has been focused on the use of
green microalgae as a potential feedstock for the production of biofuels.
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between 2 sets of parallel ponds A and B, where the majority of the organic matter is
immediately removed by bacteria [3]. Decomposition of the sewage organic matter progresses
swiftly. Carbon dioxide and ammonia are produced, some of which escapes to the atmosphere,
and oxygen is consumed at a rapid rate [40, 41]. Oxygen is absorbed from the atmosphere or
pumped into solution using aerators. The wastewater is then recombined in pond C, which,
along with ponds D and E, further polish the wastewater by lowering solids, BOD, and pathogen
concentrations to below regulatory limits [3].
The conditions and environment of the lagoons are appropriate for the proliferation of
green microalgae. Following the period of bacterial action for degradation of organic chemicals,
and when light and temperature are adequate, algal production is prevalent at substantial rates.
Photosynthetic oxygenation occurs, and if the wastewater becomes supersaturated with
oxygen, gaseous oxygen will escape to the atmosphere. The algae will fix available carbon
(carbon dioxide made available by bacterial metabolism or by solution from the atmosphere).
Available nitrogen is synthesized into cell protein, and finally the spent sewage and a large
amount of algal cells, including their excretory products, is discharged [42].
The discharged wastewater eventually reaches aquatic habitats including Cutler
Reservoir situated downstream. To prevent eutrophication of these aquatic water bodies
downstream, the Utah department of environmental quality will restrict phosphorous levels of
the spent sewage in the effluent within the immediate future [6]. The current wastewater
treatment system will not meet the impending regulatory P limits without modification or
overhaul [3].
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2.3 Nitrogen removal in WWSPs
The presence of ammonium in wastewater discharge is undesirable for its potential for
eutrophication of downstream aquatic habitants. The undesirable discharged ammonium ion
can be toxic to aquatic organisms and is also an oxygen consuming compound [43]. Biological
processes for the removal of ammonium from wastewater are well understood and require two
stages: oxidation of ammonia to nitrate by nitrifying bacteria under aerobic conditions and
reduction of nitrate to nitrogen gas by denitrifying bacteria under anaerobic conditions [44].
Many studies have measured and determined models for nitrogen loss from streams, lakes, and
WWSPs. Most of the data however on nitrogen losses in WWSPs were insufficient for a
comprehensive analysis of this issue until the early 1980's, and there was no agreement on the
nitrogen removal mechanisms. Various nitrogen removal mechanisms have been suggested that
include: algae assimilation, sludge removal, collision with and adsorption by other solids,
nitrification, denitrification, and loss of ammonia as a gas to the atmosphere (volatilization).
Several principle investigators suggest that a combination of factors may be responsible, with
the dominant mechanism under favorable conditions being ammonia volatilization to the
atmosphere [45‐48]. Low concentrations of nitrates and nitrites in effluents indicate that
nitrification generally does not account for a significant portion of ammonia‐N (NH3‐N) removal.
NH3‐N assimilation in algal biomass depends on the biological activity in the system and is
affected by temperature, organic load, detention time, and wastewater characteristics [48].
In the late 1970's, the United States Environmental Protection Agency (USEPA),
sponsored comprehensive studies of WWSPs [49‐52]. Results from these studies demonstrate
that significant nitrogen removal occurs in WWSPs. The results obtained by the USEPA do not
contend with other previous investigators observations that nitrogen removal was in some way
related to pH, temperature, and detention time, in WWSPs. The pH fluctuates as a result of the
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algae carbonate interactions in the WWSPs, so wastewater alkalinity is essential. Under ideal
conditions, up to 95% nitrogen removal can be achieved from facultative WWSPs [45].
Ammonia removal in facultative WWSPs can be modeled by the equations based on
volatilization mechanisms proposed by Pano and Middlebrooks [45]. The rate of gaseous
ammonia volatilization to the atmosphere depends mainly on the pH value, temperature, and
mixing conditions of the WWSPs. Alkaline pH shifts the equilibrium equation

⇌

toward gaseous ammonia; whereas, the mixing conditions affect the magnitude of
the mass transfer coefficient. Temperature affects both the equilibrium constant and mass
transfer coefficient. When temperatures are low, biological activity is decreased, and if the
WWSPs contents are well mixed caused by the wind or aerators, NH3 stripping will be the major
process for NH3‐N removal. The NH3 stripping of WWSPs can be considered by assuming a first‐
order reaction [53, 54]. The mass balance equation is
[45]

(1)

The equilibrium equation for NH3 and NH4+ is
[45]

(2)

If Equation 2 is modified, then gaseous ammonia concentrations can be calculated as a function
of pH and total ammonia concentration (NH4+ + NH3) as follows:
(3)
(4)
[45]

(5)

Assuming that the WWSP is at steady‐state and is well mixed where Ce = C, Equations 1
and 5 will yield the following relationship that encompasses the effects of pH, temperature
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(both pKW and pKb are functions of temperature) and hydraulic loading rates for NH3‐N
removal [45]:
(6)
Large‐scale facultative WWSP systems can only approach steady‐state conditions, and
only during windy seasons will the well‐designed systems approach completely mixed
conditions. When ammonia removal through biological activity becomes significant, or
ammonia is released into the contents of the system from anaerobic activity at the bottom of
the WWSP, the expressions for NH3 removal needs to include these factors along with Equation
6 for NH3 stripping.
Mathematical relationships for total nitrogen removal incorporate temperature, pH, and
hydraulic loading rate as variables. Therefore, rather than using the theoretical expression for
NH3‐N stripping (Equation 6), the following equation is considered for Total Kjeldahl Nitrogen
(TKN) removal in facultative lagoons [45]:
∙

(7)

The K value (removal rate coefficient) is considered to be a function of temperature and
mixing conditions. For a similar WWSP configuration and climatic region, the K values may be
expressed as a function of temperature only. The function of pH, which is dependent on
temperature, affects the pKW, and pKb values, as well as the biological activity in the lagoon. To
incorporate the effect of pH on NH3‐N stripping (Equation 6), the pH function was found to be an
exponential relationship. Most reaction rate and temperature relationships are described by
exponential functions like the Van't Hoff‐Arrhenius equation; therefore, it is logical to assume
that such a relationship would apply in the application of the theoretical equation to a practical
problem [45].
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2.4 Phosphorus removal in WWSPs
There are two mechanisms for phosphorus removal in WWSPs: (1) algal uptake, and (2)
chemical precipitation. Since the proposed stoichiometric ratio of algae is C106H181O45N16P, less
phosphorus will be removed than nitrogen. Soluble orthophosphate is the easiest form to be
assimilated by algae rather than insoluble phosphorus precipitates or organic phosphorus
because the latter species require the use of additional enzymes [14]. Precipitation of
phosphates with polyvalent cations such as calcium and magnesium occur due to the high pH
values induced by autotrophic growth. The precipitation of phosphorus is often incomplete due
to insufficient calcium and magnesium concentrations found in wastewater [55]. However,
when carbonates are present they can inhibit the precipitation of phosphates [56, 57].
Phosphorus removal from WWSPs is less effective than nitrogen, particularly in cold climate
regions [58].
Assuming that total nitrogen will be converted to ammonia from (Table 1), the molar
stoichiometric N:P ratio of the influent wastewater to the Logan waste water stabilization ponds
is 8:1 and 6.36 for the summer (May‐October) and winter (November‐April) seasons
respectively.

Table 1 ‐ Wastewater characteristics of the Logan City treatment facility. Data used is from
the Utah Pollution Discharge Elimination System (UPDES) collected by the Logan
environmental department 2007‐2009 ± Standard Deviation.
Typical Weak
Influent
Effluent
Constituent
Wastewater
(mg/L)
May‐Oct
Nov‐Apr
May‐Oct
Nov‐Apr
[59]
BOD5
100
109.9 ± 63.6
122.7 ± 58.5
21.9 ± 11.7
22.8 ± 8.9
NH3

10

15.6 ± 3.1

17.8 ± 3.4

3.4 ± 3.5

10.2 ± 5.5

TP
TSS
COD

5
70
200

4.3 ± 1.0
105.8 ± 9.7
261.0 ± 116.8

6.2 ± 1.2
29.0 ± 0.7
288.1 ± 62.6

3.6 ± 0.5
5.6 ± 1.8
86.5 ± 63.1

4.3 ± 1.0
6.3 ± 0.1
111.0 ± 65.3
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2.5 Algae as a biofuel feedstock
Microalgae have long been considered as a promising alternative and renewable
feedstock source for biofuels. The concept to use algae as a feedstock to create biofuels has
gained renewed interest because of energy prices fluctuating widely. Global warming and the
exhaustion of fossil fuels are major world‐wide problems. Thus the production of biodiesel
using various materials, such as plants, microalgae, and animal fat, has been attempted as an
alternative energy source. In particular, biodiesel has two main advantages: (1) the mitigation
of carbon dioxide, and (2) as a substitute for petroleum. Microalgae also have certain
advantages compared to other energy crops, including a high growth rate, short growth time,
high biomass production, and low land use [59]
Most of the current biofuel production efforts such as oil from agricultural plants or
bioethanol are based on approaches that are land and resource intensive and are therefore not
sustainable [2]. Approximately 50% of all primary productivity is performed by photosynthetic
algae, suggesting that algae represent an important alternative to agricultural crops for biomass
production [60]. The oil content of some algae can exceed 80%, while most agricultural crops
used for biodiesel produce yields of less than 5% of biomass [2, 61]. Additionally, doubling times
of algae can be on the order of only 4 to 24 hours. Such growth rates are unrivaled by any land
plant grown for agricultural or biofuel purposes. It has been estimated that even the conversion
of a modest portion (3 to 6%) of total agricultural cropland for the purpose of producing algal
biomass could, in theory, satisfy the fuel demand for transportation [2].
Compared with terrestrial plants, microalgae have a high oil content and growth rate;
mass algal cultivation can be performed on unexploited lands using saline water in arid regions,
thus avoiding competition for limited arable lands [62].
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2.6 Wastewater treatment with microalgae
Primary and secondary treatment processes eliminate easily settled materials and
oxidize organic material present in wastewater with a final clear and clean effluent that is
discharged into water bodies downstream. The effluent however, contains inorganic nitrogen
and phosphorus which can cause eutrophication of natural water bodies. Tertiary treatment of
wastewater is needed to remove inorganic nutrients to prevent eutrophication. Biological
processes appear to perform well compared to chemical and physical processes, which are more
costly to implement and create secondary pollution [16]. Microalgae can be implemented as a
biological process that offers a solution for tertiary treatment because of its inherent need for
nitrogen and phosphorus to grow and survive.
Microalgae assimilate inorganic carbon during photosynthesis. Solar energy is
converted to chemical energy with oxygen as a byproduct, and in a second step the chemical
energy is used to assimilate carbon dioxide and convert it into sugars. The overall stoichiometric
formula for photosynthesis is:
6H2O +6CO2 +light = C6H12O6 +6O2

(8)

The inorganic carbon species normally used by microalgae are CO2 and HCO3‐. The
amount of CO2 dissolved in water varies greatly with pH, and addition of CO2 results in a pH
decrease. At pH values above 9, most of the inorganic carbon is in the form of carbonate CO32‐,
which cannot be assimilated by algae [63].
Nitrogen is the second most important nutrient after carbon, and may comprise more
than 10% of the biomass [64]. Percent nitrogen calculated using the N:P ratio of 16:1 [8] is 6.3%.
The most common forms of nitrogen compounds assimilated by microalgae are ammonium and
nitrate [65]. Ammonium, when available, is the preferred nitrogen source when present with
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additional nitrogen sources [65]. In addition to ammonium and nitrate, urea and nitrite can
also play a role as nitrogen sources.
Phosphorus, which is essential for growth, is taken up by microalgae as inorganic
orthophosphate (PO43‐). Microalgae are able to assimilate phosphorus in excess (luxury uptake),
which is stored as polyphosphate within the cells in the form of granules. Therefore, algae
cultivated in wastewater may contain much higher amounts of phosphorus than is normally
needed for growth and metabolism [14].
Other reasons to use microalgae as a tertiary treatment is that they produce oxygen,
disinfect due to the increase in pH during photosynthesis, and mitigate carbon dioxide, which is
a greenhouse gas. Algae treatment of wastewater offers several advantages; it is
environmentally sound, it does not lead to secondary pollution, and it has the potential for
efficient recycling of nutrients. Additionally, the algae biomass harvested for biofuels from
wastewater does not require pure strains; therefore contamination is not an issue. Algae
systems have some drawbacks: harvesting is difficult and costly, and light is required.
The biological process to remove phosphorus from the Logan wastewater stabilization
ponds by assimilation into algae will remove 2.16 mg P/L and 2.46 mg P/L for the summer (May‐
October) and winter (November‐April) seasons respectively, assuming that nitrogen loss from
the system is negligible. Because wastewater stabilization ponds remove NH3‐N, 0.47 mg P/L
and 1.41 mg P/L will be removed from the wastewater during the summer and winter seasons
respectively as seen in Table 2.
Therefore, if nutrient capture technology can be applied to capture nitrogen for algae
growth, then the phosphorus not consumed by algae remaining in the wastewater will be below
the limit that the UDEQ is requiring for the summer months as seen in Table 2. Winter months
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will require nitrogen supplementation if algae are to be used to remove phosphorus. The
algae growth produced would serve as feedstock for biofuel production [66].

Table 2 ‐ Phosphorus concentration of the wastewater with and without nitrogen loss.
Phosphorus concentrations were calculated using an N:P stoichiometric ratio of 16:1 [8].
Data used to calculate these concentrations is from the Utah Pollution Discharge Elimination
System (UPDES) 2007‐2009.
Constituent concentration (mg/L)
Influent total phosphorus
Influent ammonium as N
Phosphorus removed by algae
Phosphorus remaining in solution
Phosphorus regulatory limit

Without nitrogen loss
May‐Oct
4.3
15.6
2.16
2.14
2.22

Nov‐Apr
6.2
17.8
2.46
3.74
1.56

With nitrogen loss
May‐Oct
4.3
15.6
0.47
3.83
2.22

Nov‐Apr
6.2
17.8
1.41
4.79
1.56

2.7 Natural Zeolite: Clinoptilolite
Zeolites are a group of naturally occurring framework of hydrated alumino‐silicate of
alkali and alkaline earth cations having an infinite, open, three‐dimensional structure, with high
cation exchange capacities, high adsorption, and hydration‐dehydration properties both without
change of crystal structure. There are about fifty different species of this mineral group that
have been identified, but only eight zeolite minerals make up the major part of volcano
sedimentary deposits: analcime, chabazite , clinoptilolite heulandite, erionite, ferrierite,
laumontite, mordenite and phillipsite. The structure of each of these minerals is different, but
they all have large open channels in the crystal structure that provide a large void space for the
adsorption and exchange of cations. The internal surface area of these channels can reach as
much as several hundred square meters per gram of zeolite [9]. The microporous arrangement
makes natural zeolites extremely effective ion exchangers.
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Use of clinoptilolite in industry and academia focuses on its ion exchange properties;
in particular for its strong exchange affinity for ammonium (NH4+). Clinoptilolite has also been
used as the following; building stone, lightweight aggregate and pozzolans in cements and
concretes, filler in paper, in the uptake of cesium (Cs+) and strontium (Sr2+) from nuclear waste
and fallout, soil amendments in agronomy and horticulture, in the removal of ammonia from
municipal, industrial, and agricultural waste and drinking waters, energy exchangers in solar
refrigerators, dietary supplements in animal diets, consumer deodorizers, in pet litters, in taking
up ammonia from animal manures, and as ammonia filters in kidney‐dialysis units [9]
The weakly bonded extra framework cations can be exchanged readily by washing
clinoptilolite with a strong solution of another cation. The cation exchange capacity (CEC) of a
zeolite is basically a function of the amount of aluminum (Al3+) that substitutes for silicon (Si4+) in
the framework tetrahedra; the greater the Al content, the more extra framework cations
needed to balance the charge. Clinoptilolite has a relatively small CEC (≈2.25 meq/g), but its
cation selectivity is Cs+ > Rb+ > K+ > NH4+ > Ba2+ > Sr2+ > Na+ > Ca2+ > Fe2+ > Al3+ > Mg2+ > Li+.
This preference for larger cations, including NH4+, has been exploited for removing NH4‐
N from municipal sewage effluent, enhanced nitrification, and has been extended to agricultural
and aquaculture applications [9‐13, 67]. Increased sorption of ammonia from aqueous solutions
can be achieved by reducing particle sizes of clinoptilolite [68]. When used as a supplement to
activated sludge (AS) processes, enhanced nitrification has been observed [10‐12]. Clinoptilolite
can function as a biocarrier of nitrogen for nitrifying bacteria. Laboratory and pilot scale studies
using clinoptilolite as a nutrient sink for bacterial treatment of wastewater concluded that thick
biofilms, and biofilm support media with sorption capacities are favorable to counteract peak
loading fluctuations, and keep effluent concentrations from exceeding set discharge levels [69].
Additional studies have found that bacterial biofilms on small zeolite particles (1.0‐3.2 mm) did
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not affect the ion exchange capacity, but improved the initial sorption rate due to bio‐
sorption. Particle sizes (8‐15mm) with bacterial biofilm attached had a reduction of ion
exchange rate by 22% of its equilibrium capacity [68].
2.8 Algae biofilms
Currently, algae biofuel production is limited mainly by several factors associated with
developing algal culture. Autotrophic culture systems such as open ponds typically generate a
cell concentration of 0.1‐1 g/L; harvesting algal cells from this dilute suspension is costly. And oil
yield of the algae is relatively low [70, 71].
Despite the enormous potential of algal biofuels, many challenges to making their large‐scale
production feasible remain. These challenges include problems posed by the design of optimal
bioreactors, the isolation, dewatering, and chemical conversion of algal biomass, and the
maintenance of physical and chemical environments needed for optimal algal growth [72].
To minimize harvesting costs, suggestions have been made by investigators that
immobilized algae in a gelatinous matrix could be the key to successful tertiary treatment of
phosphorus and nitrogen removal of wastewater. Two drawbacks to this method are: 1) the
algae biomass generated will not be accessible for biofuel harvesting; 2) experiments have only
been tested at laboratory scale. A potential solution to immobilized algae treatment of
wastewater is to grow the biomass as a biofilm that can be easily harvested. Experiments using
algae biofilms as a trickling filter to treat wastewater have been well documented [73].
Although suspended microalgae have been successfully shown to remove nitrogen, phosphorus,
and heavy metals, biofilms are effective at removing these chemicals as well [74‐76]. Although
the continuous use of a well‐established algae biofilm for wastewater treatment shows lower
phosphorus and nitrogen removal over time, harvesting the algae biofilm mass when nutrient
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RBCs are used in aerobic, anoxic, and anaerobic conditions, but are mainly used for
secondary aerobic treatment [81]. When exposed to sunlight, algal biofilm formation on RBCs is
reported as a problem, therefore the reactors are covered to prevent algae biofilm fouling [82].
RBCs are used for carbonaceous BOD removal, nitrification and treatment of water containing
hydrocarbons [82‐86].
Bacterial microorganisms that comprise the biofilm of an RBC include aerobic ammonia‐
oxidizing bacteria (AAOB) species such as Nitrosomonas europaea/eutropha in the top layer of
the biofilm and Anaerobic ammonia‐oxidizing bacteria (AnAOB), Candidatus kuenenia
stuttgartiensis, of the planctomycete community in the lower half of the biofilm [87, 88].
Filamentous bacteria from the phylum Bacteroidetes, nitrite‐oxidizing bacteria from the genus
Nitrospira, yeasts, coliform bacteria that include E. coli, Cyanobacteria and benthic diatoms are
also dominant microorganisms that colonize on RBC [88, 89]. When not covered to prevent
algal biofouling, protozoans and algae including Chlorococcum, Chlorella, Diatoma, Tribonema,
Oscillatoria, Euglena, and other motile rotifiers colonize RBCs [89]. The bacterial biofilms that
form on RBC’s are not directly harvested and are allowed to slough off and are removed from
the system via a clarifier.

2.10 RBC vs. Rotating Photobioreactor
The rotating photo bioreactor (RPB) will cultivate algae biofilm biomass that can be
harvested. The RPB will remove nitrogen and phosphorus via algal biofilm propagation [90].
The microorganisms that form the algal biofilm will harness light wavelengths as their source of
energy, receive carbon dioxide and bicarbonate in water as their source of carbon, will receive
macro‐nutrients including nitrogen and phosphorus from the water when submersed, and will
reduce photo oxidation via the rotation of the reactor as illustrated in Fig. 5.
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Fig.
F 5 ‐ Clinopttilolite Rotating photo bio reactor (cRPB
B) design concept.

Autotrrophic Eukaryyotic cells (i.e. algae) are thhe target orgaanisms desireed to propagaate
th
he surface of the RPB, thou
ugh other pro
okaryotic cell s (i.e. bacteria) may propaagate as well. The
clinoptilolite‐R
RPB (cRPB) substratum where the algaee biofilm will ccolonize will aadditionally
re
emove nitrogen in the form
m of ammonium that will bbe bio‐availa ble allowing tthe same
exxhausted cRP
PB surface to be regenerated and reuseed for available nitrogen caapture. Somee
major
m
differences between the RBC and the cRPB aree listed in Tab
ble 3.

Table
T
3 ‐ Comparisons betw
ween the Clin
noptilolite Ro
otating Photo
obioreactor (cRPB) and th
he
Rotating
R
Biolo
ogical Contactor (RBC).
Design eleme
ents
cRPB
RBC
Primary Organisms
Autotrophhs
Heteerotrophs
Energy source
e
Light
Organ
nic carbon
Contaminant
C
s removal fro
om
BOD, Nitrogen,
Nittrogen, Phospphorus
wastewater
w
Pho
osphorus
Carbon
C
fixatio
on
Direct Biomass harvest
Cation
C
exchange surface

Yes
Yes
Yes

No
No
No

22

CHAPTER 3
EXCHANGE CAPACITY AND BIOAVAILABILITY OF AMMONIUM ION EXCHANGED ONTO
CLINOPTILOLITE FOR ALGAE BIOFILM GROWTH

3.1 Introduction
Facultative wastewater stabilization ponds serving the city of Logan Utah contain
nutrients available for green algae production. Natural algae growth occurring in this system
can potentially facilitate nitrogen and phosphorus removal and be used for biofuel production
[3]. Much of the influent nitrogen can be easily hydrolyzed into ammonium ions that are
deprotonated and, the nitrogen is removed from the system as ammonia gas due in part from
elevated pH levels caused by natural algae growth (see Fig. 1 and Fig. 2).
If algae are to be used to remediate wastewater of phosphorus, then volatilization of
ammonia nitrogen is not desired for this treatment facility. For optimal growth, algae require
nutrients in the media with stoichiometric proportions of C106H181O45N16P [8]. With less nitrogen
available due to volatilization triggered by alkaline conditions of wastewater induced by algae
growth, less phosphorus from the water will be assimilated into the algae biomass. If
ammonium ions can be sequestered prior to ammonia volatilization and are bioavailable for
algae growth, additional aqueous phosphorus can be assimilated to the algae phase.
Clinoptilolite, a naturally occurring zeolite mineral, has cationic exchange properties that make it
capable of achieving ammonium ion sequestration.
Natural zeolites have been used to improve treatment of municipal wastewater [9].
Accelerated nitrification of activated sludge was achieved with the use of clinoptilolite, which
selectively exchanges ammonium ions from wastewater and provides an ideal biofilm carrier for
nitrifying bacteria. The removal of the exchanged ammonium ions from the exhausted
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clinoptilolite surface permits regeneration, which enables the same zeolite surface to be
reused [10‐13]. If this technology can be applied for algae biofilm growth, phosphorus will be
removed from the water along with nitrogen in the molar ratio of 1:16 into the algae biomass.
The algae biofilm produced could serve as feedstock for biofuel production. The zeolite surface
can be bio‐regenerated for continued nitrogen capture.
Research has demonstrated that natural zeolites perform well as biofilm carriers in
wastewater treatment processes such as activated sludge for enhanced nitrification [10‐12].
Algae biofilm growth on natural zeolite surfaces has not been explored.
The purpose of these studies are to determine the ammonium cation exchange capacity
(CEC) of clinoptilolite in synthetic wastewater that contains a similar cationic strength and
competing cation concentration as the municipal wastewater facultative lagoon system in Logan
Utah, and determine if the exchanged ammonium ion can be available for algae biofilm growth.
3.2 Materials and Methods
3.2.1 Granular clinoptilolite mechanical particle‐size analysis
A granular clinoptilolite sample (‐14+40 mesh size, 90% or more of the material passes
through a fourteen mesh sieve and is retained by a 40 mesh sieve) was obtained from the Bear
River Zeolite company, located in Preston, Idaho. Prior to particle‐size analysis the clinoptilolite
was washed with deionized water using sieve No. 200 to retain a coarse fraction. The
mechanical particle‐size analysis was performed using 500 grams of oven dried (105°C) coarse
fraction, with No. 10, 16, 20, 30, 40, 50, 60, 80, 100, 140, 200 sieves. Each sieve was weighed
before and after sample analysis. The difference of weight determined the clinoptilolite sample
residue on each sieve. If the sum of clinoptilolite sample residues was less than 2% from the
initial weight used, then the analysis was satisfactory and not discarded. The percent retained
on each sieve was computed by dividing the weight retained by the original sample mass. The
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percent finer was calculated by starting with 100 percent and subtracting the percent
retained on each sieve as a cumulative procedure.

3.2.2 Synthetic wastewater formulation
A 24 hour composite sample [91] (sampled hourly) was obtained from the Logan
Lagoons influent and effluent using auto‐samplers sampled 12 inches below the water surface
to determine an average amount of the major competing cations (K+, Na+, Ca2+, Mg2+) across the
Lagoon System for ammonium exchange sites on clinoptilolite. Cation concentrations were
measured using Inductively Coupled Plasma Mass Spectrometry (ICP‐MS) at Utah State
University Analytical Lab (USUAL) and are shown in Table 4.

Table 4 ‐ Hourly 24 hour composite sample of competing cations from the influent and
effluent wastewater used to formulate synthetic wastewater exchange media.
Cation
Influent [meq/L]
Effluent [meq/L]
Average [meq/L]
K+
0.33
0.26
0.29
+
NH4
1.2
0.19
0.67
+
Na
3.5
3.0
3.2
Ca2+
2.6
3.0
2.8
2+
Mg
1.2
1.2
1.2

Synthetic wastewater was formulated to lack Chemical Oxygen Demand (COD) [85] and
contain the appropriate competing cations determined from the composite sample taken from
the Logan Lagoons. Average annual influent nutrient concentrations (Logan Environmental
Department, 2007‐2009 data sets) of phosphorus were used to formulate the synthetic
wastewater. Ammonium nitrogen concentration was calculated to be at a 16:1 stoichiometric
molar ratio of nitrogen to phosphorus. The ammonium concentration is within the
recommended limit for ammonia toxicity [92, 93]. Other sources of nitrogen were avoided,

25

because this study was intended to observe the interactions of algae growth with nitrogen
exchanged onto the zeolite clinoptilolite. Clinoptilolite is only selective to the ammonium form
of nitrogen and no other. Also, ammonium (NH4+) is the preferred nitrogen compound for algae
growth, and no alternative nitrogen sources will be assimilated when in its presence [65].
Micronutrients similar in concentration of Soil extract Medias and were added to the synthetic
wastewater. The media was set to the average annual influent pH value of the influent
wastewater taken from the Logan environmental departments 2007‐2009 data sets. The
synthetic wastewater constituents are shown in Table 5.

Table 5 ‐ Synthetic wastewater media. This recipe formulation is modified SE media to
contain competing cations from Logan lagoons influent and effluent composite sample
Phosphorus is at 5.4 mg P/L this value obtained from UPDES TP average from 2005‐2008.
Nitrogen (NH4+‐N) is set to an N: P stoichiometric molar ratio of 16:1.
Synthetic wastewater Media:
Constituent
Ammonium Chloride
Ammonium Ferric Citrate
Calcium Chloride Dihydrate
Magnesium Sulfate Anhydrous
Potassium Chloride
Potassium Phosphate Dibasic (40% K)
Potassium Phosphate Monobasic (60% K)
Sodium Bicarbonate
1000X Micronutrient Solution [mL]
pH
Synthetic wastewater Micronutrients:
DI Water [mL]
Boric Acid
Manganese Chloride
Zinc Sulfate Heptahydrate
copper(II)sulfate pentahydrate
Ammonium Molybdate

mass (mg) per liter
142.14
15.00
205.00
147.09
5.60
7.57
17.80
271.87
1.00
7.77
1000
2.86
1.81
0.22
0.079
0.039
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3.2.3 Granular clinoptilolite ammonium exchange isotherm
The determination of Ammonium ion exchange equilibrium uptake to generate
isotherm data was performed in batch mode in the presence of co‐ions in synthetic wastewater.
During all experimental work temperature was maintained at 21°C and the pH was at a value of
7.7. It was assumed that all ammonia existed in the ionic form available for ion exchange.
Clinoptilolite samples were washed with deionized water to remove particulate matter. The
natural zeolite was then soaked successively in a series of batches of 1.5M sodium chloride
solution for 24h hour periods over a period of 2 days in order to ensure complete conditioning
into the sodium (Na‐clinoptilolite) form. The clinoptilolite was then washed with deionized
water to remove excess NaCl and oven dried at 105°C and allowed to cool to room temperature
in a desiccator.
The equilibrium procedure performed in triplicate experiments used synthetic
wastewater of 50 mL aliquots having ammonium ion concentrations in the range of 0.5‐40
meq/L contacted with 0.5 grams of Na‐clinoptilolite. Ammonia levels were measured at 0.5, 1,
2, 4, 8, 12, and 24 hours. The ammonium exchange isotherm was generated using the
equilibrium aqueous phase concentrations and calculating the solid phase concentrations by
mass balance.
Ammonia analyses were conducted using the ammonia‐salicylate method (HACH
2606945) a modification of the standard phenate method [94]. The manufacturer procedure
was scaled down to use 30 µL of sample, and separate checks were made using the
manufacturer’s protocol. Standard curves of initial ammonium nitrogen concentrations in
synthetic wastewater used to generate exchange isotherms are seen in Fig. 6. Vertical lines,
apart from where they are covered by data symbols, represent standard deviations.
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Fig. 6 ‐ Standard curves for ammonium concentrations in synthetic wastewater ± standard
deviation. (a.) 7mg NH4+‐N/L (b.) 14mg NH4+‐N/L (c.) 35mg NH4+‐N/L (d.) 70mg NH4+‐N/L [1:1
dilution] (e.) 140mg NH4+‐N/L [1:3 dilution] (f.) 280mg NH4+‐N/L [1:7 dilution] 560mg NH4+‐N/L
[1:19 dilution]
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To establish the extent to which the presence of potassium, calcium, sodium, and
magnesium ions influenced ammonium ion uptake, these ions, at exchange equilibrium, were
measured by ICP‐MS at USUAL to determine aqueous concentrations. Solid phase
concentrations were determined by mass balance.

3.2.4 Bio‐availability of exchanged ammonium for algae biofilm growth
In batch mode NH4+‐N ion exchange onto clinoptilolite using the synthetic media was
executed at room temperature. In triplicate, 100 grams of dried (101°C) clinoptilolite was
contacted for 24 hours with 3L of 1000 mg/L ammonium‐N synthetic wastewater at room
temperature to exchange 1000 mg ammonium onto the total clinoptilolite mass. The
clinoptilolite mass necessary to exchange 1000 mg ammonium‐N, media volume, and initial
ammonium concentration were determined from the equilibrium exchange isotherm previously
generated.
The N‐clinoptilolite was transferred to bioreactors shown in Fig. 7 containing 5L
synthetic media at pH level 7.77 (similar to WWSP influent) containing competing cations but
deficient of nitrogen. The media in the reactor was re‐circulated from the bottom of the reactor
to the top with a flow rate of 50 mL/Min. Reactors were covered to inhibit light penetration and
prevent suspended algae growth in the media contained in the reservoir.
The algae biofilm biomass was measured via Total Suspended Solids (TSS) [95] by lightly
vortexing the algae‐clinoptilolite matrix, thus suspending the algae biofilm in the 5L of media.
Aqueous‐phase nitrogen in the media was measured prior to N‐Clinoptilolite addition and 24
hours, 21 days after, via ammonia salycilate method a modification of the phenate method [94]
following prescribed manufacturers protocol. Algae‐phase nitrogen was determined by total
nitrogen (TN) analytical method [96] and subtracting the aqueous‐phase nitrogen from the TN
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Fig. 8 ‐ Spectral power distribution of GE plant and aquarium bulbs.

The reactors were inoculated with 3 mLs of algae (52 mg/L) taken from the WWSPs of
Logan Utah and allowed to generate biofilm biomass for 21 days.
Competing cation concentrations in the media were measured by Utah State University
Analytical Laboratories using ICP‐MS before the N‐clinoptilolite was added and also when the
experiment was finished.
Controls for this experiment follows the above description of reactor set up, but no
nitrogen will be exchanged onto the clinoptilolite. It was expected that the N‐clinoptilolite
reactors would generate algae biofilm biomass, and the control reactors with clinoptilolite
lacking exchanged nitrogen will not grow algae biofilm biomass.
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3.3 Results and Discussion
3.3.1 Granular clinoptilolite mechanical particle‐size analysis
The effective size (D10) representing the apparent diameters that are smaller than 10%
for the clinoptilolite sample is 560 µm. The coefficient of uniformity (CU) obtained using the
equation,
[97]

(9)

is 1.9 which means that the apparent diameters of particles between the D10 and D60 differ
appreciably. The coefficient of concavity (Cc), is calculated using the equation,
.

(10)

The coefficient of concavity is 1.2 indicates that there are some, but few particle sizes missing
between the D60 and D10 sizes. The apparent diameters (µm), are obtained by using the 10%,
30%, and 60% Finer data by linear interpolation from Table 6, or by using the graph in Fig. 9.

Table 6 ‐ Clinoptilolite mechanical particle size analysis.
sieve #
µm
10
2000
16
1190
20
840
30
590
40
420
50
297
60
250
80
177
100
149
140
105
200
74
Dish
0

% Finer
100
74.3
26.3
11.2
2.24
0.611
0.417
0.203
0.122
0.055
0.042
0.030
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Fig. 9 ‐ Clinoptilolite particle size analysis. Uniformity coefficient
= 560 µm, and Coefficient of concavity
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0

= 1.9, Effective diameter D10
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3.3.2 Granular clinoptilolite ammonium exchange isotherm
The experimental uptake equilibrium data for clinoptilolite in synthetic wastewater are
shown in Fig. 10. Vertical lines, apart from where they are covered by data symbols, represent
standard deviations.
The relationships between solid exchanger‐phase concentration and solution‐phase
concentration are shown for the case of ammonium ion only. The aqueous phase
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concentrations are expressed in meq NH4+‐N /L and those of the exchanger phase in meq
NH4+‐N/g of exchanger solid.
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Fig. 10 ‐ Ammonium NH4+‐N exchange kinetic study on granular clinoptilolite of the Na+ form in
synthetic wastewater media ± standard deviation.

The Langmuir isotherm Qe (meq of ammonium‐N exchanged per gram of clinoptilolite)
and Ce (the equilibrium ammonium‐N concentration in solution) as shown in the following
equation,
.

(11)

Qe was calculated from the volume of ammonia solution, the mass of the material exposed to
the solution and the equilibrium ammonium concentration in the solution (Ce).
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Rearranging the Langmuir equation to form the linearized form is shown in the
following equation,
.

(12)

The coefficients K and b can determined by plotting

versus

as shown in Fig. 11.
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Fig. 11 ‐ Linearized Langmuir model ± standard deviation.

The Freundlich isotherm relates the uptake of solute onto the exchanger to the solution
concentration, as shown in the following equation,

.
This isotherm is presented in its linearized form as shown in the following equation,

(13)
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log

.

(14)

When log Qe is plotted against log Ce as shown if Fig. 12 the coefficients k and n can be
calculated. Knowing all coefficients and using experimental data for Ce, the Langmuir and
Freundlich theoretical Qe can be calculated.

1
0.5
0

ln Qe

‐0.5
‐1
‐1.5
‐2

ln Qe = 0.5899(ln Ce) ‐ 1.5708
R² = 0.9755

‐2.5
‐3
‐3.5
‐3.0

‐2.0

‐1.0

0.0

1.0

2.0

3.0

4.0

ln Ce
Fig. 12 ‐ Linearized Freundlich model ± standard deviation.

Fig. 13 show the equilibrium isotherm data for ammonium uptake onto clinoptilolite,
applied to the Langmuir and the Freundlich isotherm models. Values for the coefficients
calculated by using experimental data for the clinoptilolite and uptake models are given in Table
7. The Langmuir isotherm gives an adequate correlation coefficient (r2 = 0.9822) value
compared to the Freundlich (r2 = 0.9755).
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Fig. 13 ‐ Granular clinoptilolite ammonium NH4+‐N exchange isotherm in synthetic wastewater ±
standard deviation fitted to Langmuir and Freundlich models.

Table 7 ‐ Values for the Langmuir and Freundlich coefficients for the clinoptilolite in synthetic
wastewater.
Langmuir parameters
b
1.179
K
0.363
2
r
0.982
Freundlich parameters
1/n
0.590
k
0.208
r2
0.976

The uptake data for each cation present in the synthetic wastewater as ammonium ion
concentrations were increased are shown in Fig. 14. In order to quantify the selectivity behavior
of the clinoptilolite for ammonia and competing cations, it was necessary for the units of
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concentration for the exchanger phase be expressed in milliequivalents per gram. With
increased ammonium ion concentrations, competing cations had less effect of percentage
exchange overall as shown in Fig. 15. The values of percent ion uptake shown in Fig. 15 indicate
that clinoptilolite at low ammonium concentrations exhibit a slightly stronger affinity towards
calcium relative to potassium and sodium. This could be due to the fact that the calcium
equivalent concentration is 140 times greater than that of potassium.

Calcium
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Fig. 14 ‐ Competing cation exchange capacity as a function of increased ammonium ion
concentration (0.5, 1, 2.5, 5, 10, 20, and 40 meq/L) ± standard deviation. As ammonium ion
concentrations are increased less competing cations occupy exchange sites on the clinoptilolite.
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Fig. 15 ‐ Percent cation per gram of clinoptilolite generated from synthetic wastewater ±
standard deviation. From left to right ammonium concentrations were increased (0.5, 1, 2.5, 5,
10, 20, 40, and 80 meg NH4+‐N/L).

3.3.3 Bio‐availability of exchanged ammonium for algae biofilm growth
Nitrogen balance on the reactor yields the equation:
Nt = 0 = Nvolitilized + Nalgae + Naqueous + NClinoptilolite.

(15)

The total NH4+‐N cationic mass added to the reactor via clinoptilolite was 1056.7 mg.
The NH4+‐N that was maintained on the clinoptilolite exchange sites was 72% of the total
nitrogen added to the reactor, maintaining nutrient availability for further algae biomass. The
algae biomass significantly increased over time from 156 µg to 460 mg thus removing 2% of the
total ammonium‐clinoptilolite cations. When equilibrium was attained with competing cations,
17.5% of the total ammonium cations that occupied exchange sites on the clinoptilolite were
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exchanged to the aqueous‐phase. Since the media was maintained at a pH value of 7.77 and
at room temp (21°C), 2% of the ammonium nitrogen is of the ammonia gaseous form thus
resulting in an 8.5% loss of the total nitrogen added to the reactor. The total mass balance of
each nitrogen phase is shown in Fig. 16 and calculations can be found in Appendix A.

1200

1000

Nitrogen (mg)

800

600

400

200

0
N t=0

N volatilized

N algae

N aqueous

N clinoptilolite

Fig. 16 ‐ Nitrogen partitioning in reactor after 21 days of algae biofilm growth on clinoptilolite ±
standard deviation.

Initial competing cation concentrations in the aqueous phase were reduced while NH4+‐
N increased when equilibrium was reached after 24 hours contact time. The increased NH4+‐N
concentration in the aqueous phase is due to the equilibrium driving force that causes the ions
held by electrostatic forces to charged functional groups on the clinoptilolite to be exchanged
for ions in the synthetic wastewater in which the clinoptilolite is immersed. With the combined
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nitrogen removed in the algae biofilm and volatilization phases after 21 days of growth, the
competing cations phase changed from the aqueous to the solid as shown in Fig. 17.
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k+

Mg2+
Mg2+

Na+
Na+

NH4+‐N
NH4+‐N

Fig. 17 ‐ Cation balance in reactor over time.

3.4 Conclusion
The removal of ammonia from synthetic wastewater was demonstrated successfully on
a laboratory scale with a selective ion exchange process. The overall ammonium ion uptake
performance of the natural ion‐exchange material clinoptilolite in synthetic wastewater
demonstrates that this technology may be applied for NH4+‐N removal from wastewater. When
NH4+‐N exchanged onto clinoptilolite is introduced to wastewater lacking nitrogen in the
ammonium form, competing cations in the aqueous phase will exchange with ammonium on
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clinoptilolite exchange sites until equilibrium is achieved. Thus, the natural zeolite
clinoptilolite effectively performs as a nitrogen carrier material. The natural zeolite, if
implemented to the WWSP system correctly, can sequester nitrogen prior to volatilization thus
nitrogen nutrient addition will be reduced, decreasing the cost of algae for biofuel feedstock.
This zeolite‐based technology and performance as a nitrogen carrier may be applied to
future remediation technologies such as removing ammonium ions from methane digester
effluent and as a nutrient transfer material for algae growth where nitrogen in a system is high
in one section and low in another. Since clinoptilolite exchanges ammonium ions, this
technology could potentially be used to separate nitrogen from phosphorus from anaerobic
digester effluents. If a wastewater treatment facility is using algae to remediate wastewater of
nitrogen and phosphorus, but the system is nitrogen limited and this algae is being used as a
feed stock for anaerobic digestion, then clinoptilolite could be used to exchange the nitrogen
from the digester effluent and carry that nitrogen back to the system where it has poor N:P
ratios. Clinoptilolite has already demonstrated that it can remove ammonium from digester
effluents [98].
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CHAPTER 4
FABRICATION OF A ROTATING PHOTOBIOREACTOR WITH CLINOPTILOLITE AS ITS SUBSTRATUM
4.1 Introduction
Despite the enormous potential of algal biofuels, there are many challenges to make
large‐scale production feasible. Currently, biofuel production is limited mainly by several factors
associated with developing algal biomass. These factors include problems associated with the
design of optimal bioreactors, the isolation and separation of algae from water, chemical
conversion of algal biomass, and the maintenance of physical and chemical environments
needed for optimal algal growth. Algae culture systems including open ponds typically generate
cell concentrations of 0.1‐1 g/L; harvesting algal cells from this dilute suspension is costly. Also,
oil yield of the algae is relatively low [70, 71]. Large scale production and harvesting of algae
with minimal costs could greatly increase the potential of algae feedstock for biofuel.
To eliminate the need to harvest, it has been suggested by investigators that
immobilized algae in a gelatinous matrix could be the key to successful tertiary treatment of
phosphorus and nitrogen in wastewater [18, 99]. However, if algae are to be used as a biofuel
feedstock, this method will not work. A potential solution to immobilize algae for treatment of
wastewater is to grow the biomass as a biofilm that can be easily harvested. Experiments using
algae biofilms as a trickling filter to treat wastewater have been well studied [73]. Both algae
biofilms and suspended microalgae cultures have been successfully shown to remove
phosphorus, nitrogen, and heavy metals [74‐76]. Although the continuous use of a well‐
established algae biofilm for wastewater treatment showed lower phosphorus and nitrogen
removal over time, harvesting the algae biofilm mass when nutrient uptake is highest will
promote new biofilm colonies that will continue to remove nutrients at high rates [77].

43

Zeolites are a group of naturally occurring hydrated aluminosilicates of alkali and
alkaline earth cations having an open, three‐dimensional structure, with high cation exchange
capacities. The structure of zeolite minerals are different but they all have large open channels
in the crystal structure that provide a large void space for the adsorption and exchange of
cations. The internal surface area of these channels can be as much as several hundred square
meters per gram of zeolite [9]. The microporous arrangement makes natural zeolites extremely
effective ion exchangers.
The cation exchange capacity (CEC) of a zeolite is a function of the amount of aluminum
(Al3+) that substitutes for silicon (Si2+) in the framework tetrahedra; the greater the Al content,
the more extra framework cations are needed to balance the charge. Clinoptilolite is a zeolite
with a relative CEC of approximately 2.25 meq/g, and its cation selectivity is Cs+ > Rb+ > K+ > NH4+
> Ba2+ > Sr2+ > Na+ > Ca2+ > Fe2+ > Al3+ > Mg2+ > Li+ [100]. The weakly‐bonded extra framework
cations can be exchanged readily by washing clinoptilolite with a strong solution of another
cation. Increased sorption of ammonia from aqueous solutions can be achieved by reducing
particle sizes of clinoptilolite [68]. The preference of clinoptilolite for larger cations, including
NH4+, has been exploited for removing NH4‐N from municipal sewage effluent and for enhanced
nitrification, and for applications to agricultural and aquaculture applications [9, 11, 12, 67].
Clinoptilolite can function as a biocarrier of nitrogen for nitrifying bacteria. When used
as a supplement to activated sludge (AS) processes, enhanced nitrification has been observed
[10‐13]. Bacterial biofilms on small zeolite particles (1.0‐3.2 mm) did not affect the ion
exchange, but improved the initial sorption rate due to bio‐sorption [68]. Larger particle sizes
(8‐15mm) with bacterial biofilm attached showed a reduction of ion exchange rate by 22% of its
equilibrium capacity [68]. Laboratory and pilot scale studies using clinoptilolite as a nutrient
sink for bacterial treatment of wastewater concluded that thick biofilms and biofilm support
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media with ion exchange capacities are favorable to counteract peak loading fluctuations and
prevent effluent concentrations from exceeding set discharge levels [9].
A novel type of algae photobioreactor is proposed and referred to as the clinoptilolite
rotating photobioreactor (cRPB). The concept for this design integrates the technology of
rotating biological contactors (RBC) for wastewater treatment, zeolites for cation exchange, and
the environmental requirements for algae biomass production. Algae require nitrogen,
phosphorus, and other nutrients, sunlight, carbon dioxide, and water, and the proposed cRPB
meets these requirements in a unique way. The major differences between the cRPB and RBC
technologies are presented in Table 3.
The cRPB consists of clinoptilolite attached to a rotating drum, which is partially
submerged in wastewater. This drum spins at a low speed, approximately 4.6 rpm. As the cRPB
rotates, the clinoptilolite adsorbs ammonium ions from the wastewater, preventing them from
volatilizing. Also, as the cRPB rotates, algae cells in the wastewater attach to the rough surface
and form a biofilm on the surface. The algae biofilm is alternately exposed to air, CO2, and full
sunlight above the water, and then the nutrients and HCO3‐ in the wastewater. The algae can
use phosphorus directly from the wastewater and nitrogen from the clinoptilolite or
wastewater, and ammonium ions will continually migrate through the biofilm and be exchanged
to the clinoptilolite to maintain equilibrium conditions [11, 13, 68, 101]. This design has the
potential for high areal yields, since the culture is exposed to direct sunlight and therefore does
not undergo the light scattering and adsorption losses in a suspended culture [102].
An advantage to growing algae as a biofilm is that the biomass is already concentrated,
relative to the biomass in a suspended culture. A simple drum harvester can be used to
mechanically scrape the biomass from the cRPB surface, providing thick algae biomass slurry
and leaving an inoculum on the drum to promote quick regrowth of the algae biofilm.
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4.2 Materials and Methods
4.2.1 cRPB Fabrication
Design criteria of the bioreactor incorporate the following: (1.) Rotation speed between
1‐5 RPM (2.) Submerged substrate 40% into the aqueous phase and 60% of the substrate
exposed to the gaseous phase as seen in Fig. 5 (3.) centrally driven shaft throughout RPB drum
for rotation (4.) Substratum needs to be accessible for facilitated algae biofilm biomass harvest.
An eight inch long tubular form was made using a three inch diameter standard ABS
pipe for the inner diameter and a four inch diameter standard ABS pipe for the outer diameter
(Fig. 18a). Both of the ABS pipe sections were secured concentrically to a four inch ABS pipe
plug using a thermoplastic adhesive (Fig. 18b‐c). The four inch ABS pipe had vacuum grease
applied to the inner diameter for ease of separation from the clinoptilolite‐epoxy composite
(Fig. 18d). A 3/8 inch hole was drilled and tapped (1/4 inch NPT) in the outer pipe section 1/2
inch from the bottom end of the form. A 1/4 inch NPT male X 10 mm brass nozzle was situated
in the tapped hole for a vacuum port (Fig. 18e). A plastic mesh was inserted into the vacuum
port to prevent clinoptilolite from leaving the form when a vacuum was applied. Clinoptilolite
was inserted between the three inch ABS pipe and the four inch ABS pipe and filled a half an
inch from the top of the form (Fig. 18f). One hundred grams of slow curing epoxy resin mixed
with 14 grams hardener (Leco Direct) was poured on top of the clinoptilolite and was pulled
through the void space to the bottom of the form by the applied vacuum. Epoxy was continually
added to the top of the form while the vacuum was applied, until epoxy showed up in the
vacuum port. Based on qualitative analysis, this produced a uniform epoxy matrix around the
clinoptilolite granules.
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11 microscope at 6x, 40x, and 50x magnifications after surface preparation to determine
percent clinoptilolite exposed. The surface area was calculated using AutoCAD 2010 by tracing
the exposed clinoptilolite of a clinoptilolite epoxy matrix image captured at 40X magnification.
The clinoptilolite areas were summed and compared to the total surface area of the image.
Contact angle tests were conducted using 5 µL of DI H2O and a goniometer to determine
the angle at which the liquid interface meets the solid cRPB surface. cRPB surface images were
captured using VCA Optima camera and contact angles were calculated using VCA OptimaXE
software.
The determination of Ammonium ion exchange equilibrium uptake to generate
isotherm data was performed in batch mode in the presence of co‐ions in synthetic wastewater.
During all experimental work temperature was maintained at 21°C and the pH was at a value of
7.7. At this temperature and pH 2% of the NH4+‐N existed in the gaseous ammonia (NH3) form.
Clinoptilolite Rotating Photobioreactor surface samples were washed with deionized water to
remove particulate matter. The surface was then soaked successively in a series of batches of
1.5M sodium chloride solution for 24h hour periods over a period of 2 days in order to ensure
complete conditioning into the sodium (Na‐cRPB) form. The cRPB surface was then washed with
deionized water to remove excess NaCl.
The equilibrium procedure performed in triplicate experiments used synthetic
wastewater of 1L Aliquots having ammonium ion concentrations in the range of 0.5‐40 meq/L
contacted with 32.5 grams of Na‐cRPB. The mass of clinoptilolite occupying the composite
substrata of the cRPB was determined by calculating the volume of a cRPB cylinder whose
length is 2.54 cm, with inner and outer diameter dimensions of 7.62 cm and 9.75 cm
respectively. Using a graduated cylinder, granular clinoptilolite was filled to the calculated
volume and weighed to determine mass of clinoptilolite in cRPB composite substrata. Ammonia
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levels were measured at 0.5, 1, 2, 4, 8, 12, and 24 hours. The ammonium exchange isotherm
was generated by using the equilibrium aqueous phase concentrations and calculating the solid
phase concentrations by mass balance.
Ammonia analyses were conducted using the ammonia‐salicylate method (HACH
2606945) a modification of the standard phenate method [94]. The manufacturer procedure
was scaled down to use 30 µL of sample, and separate checks were made using the
manufacturer’s protocol. Standard curves of initial ammonium nitrogen concentrations in
synthetic wastewater used to generate exchange isotherms are seen in Fig. 20. Vertical lines,
apart from where they are covered by data symbols, represent standard deviations.

4.3 Results and Discussion
4.3.1 cRPB Fabrication
The final product shown in Fig. 21 demonstrates that the process described in the
materials and methods section for cRPB fabrication of moving the epoxy through the
clinoptilolite in the ABS pipe form via vacuum pressure to work successfully. The ABS form
provided a rigid structure when the vacuum was applied to the form. The thermoplastic
adhesive created enough seal for vacuum pressure and could be easily removed when epoxy‐
clinoptilolite composite was cured.
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Fig. 20 ‐ Standard curves for ammonium concentrations in synthetic wastewater ± standard
deviation. (a.) 7mg NH4+‐N/L (b.) 14mg NH4+‐N/L (c.) 35mg NH4+‐N/L (d.) 70mg NH4+‐N/L [1:1
dilution] (e.) 140mg NH4+‐N/L [1:3 dilution] (f.) 280mg NH4+‐N/L [1:7 dilution] 560mg NH4+‐N/L
[1:19 dilution]
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Fig. 21 ‐ Fabricated Clinop
ptilolite Rotatting Photo Bioreactor (cRP
PB).

The 0.5 mm magniffied image in Fig. 22 showss that the epo
oxy‐clinoptilo
olite compositte
su
urface has ind
dentations that increase su
urface area foor algae biofilm attachmen
nt. Exposed
clinoptilolite was
w measured
d to be 64% of the total su rface area of the cRPB. TThe contact an
ngles
off the cRPB surface result in
n an average contact anglee of 35.2° ± 55.2° as shown in Fig. 23. On
many
m
highly hyydrophilic surrfaces, water droplets will exhibit contaact angles of 0° to 30°, and
d if
th
he solid surface is hydroph
hobic, the con
ntact angle w ill be larger th
han 90° [103,, 104]. For water,
a hydrophilic surface
s
may also
a be termed, wettable, aand a hydrop
phobic surfacee, non‐wettab
ble.
he contact an
ngle is determ
mined by the resultant
r
betw
ween adhesivve and cohesive forces. Ass the
Th
te
endency of a drop to spreaad out over a flat, solid surrface increasees, the contacct angle
decreases. Thu
us, the contacct angle proviides an inversse measure o
of wettability [105].
or human imp
plants require
e non‐wettabble surfaces (ccontact anglee >90°), that
Biomaterials fo
prevent bacterrial adhesion,, and biofilm formation [1006‐108].
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Fiig. 22 ‐ Magnified image of the Clinoptilolite Rotatinng Photo Bioreeactor (cRPB)) surface. Exp
posed
clinoptilolite
e is 64% of the
e cRPB surfacce. The 0.5 m m image show
ws increased surface area for
algae biofilm
m attachmentt. Images werre taken withh an Axiovert 100 A, and Zeeinn Stemi SV
V 11
microsco
ope at magnifications of 66X, 40X, 50X, rrespectively.

Fig. 23 ‐ Contaact angle of epoxy‐clinoptilolite compossite. The num
mbers (1, 2) an
nd letters (T,R
R) are
to
ools in the software program to designate water drooplet surface. Θ in this im
mage is 39.90°. The
average con
ntact angle on
n the compossite surface w
was 35.2° ± 5.2°.

4..3.2 Ammoniu
um exchangee of the cRPB
The exxperimental uptake
u
equilib
brium data foor cRPB in syn
nthetic wastew
water are sho
own
in
n Fig. 24. Verttical lines, apart from whe
ere they are ccovered by daata symbols, rrepresent

53

standard deviations. The relationships between solid exchanger‐phase concentration and
solution‐phase concentration are shown for the case of ammonium ion only. The aqueous
phase concentrations are expressed in meq NH4+‐N /L and those of the exchanger phase in meq
NH4+‐N/g of exchanger solid.
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Fig. 24 – Na+‐cRPB ammonium exchange kinetic study in synthetic wastewater ± standard
deviation.

Fig. 25 shows the equilibrium isotherm data for ammonium uptake onto the cRPB
surface, applied to the linear, Freundlich and Langmuir isotherm models. Values for the
coefficients calculated by using experimental data for the cRPB surface and uptake models are
given in Table 8. The Linear isotherm gives an adequate correlation coefficient (r2 = 0.9927)
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value compared to the Freundlich (r2 = 0.9733) and Langmuir (r2 = 0.9081). The aqueous‐
phase ammonium concentration at exchange equilibrium of the cRPB surface compared to that
of the granular clinoptilolite is much greater, indicating that less ammonium is o the solid phase
at equilibrium.

Isotherm

Langmuir model

Freundlich model

Linear model

Qe (meq NH4+‐N/gm clinoptilolite)

0.25
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0.00
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+
Ce (meq NH4 ‐N/L)
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35

40

Fig. 25 ‐ cRPB ammonium NH4+‐N exchange isotherm in synthetic wastewater ± standard
deviation fitted to Langmuir, Freundlich, and Linear models.

Table 8 – Values for the Linear, Freundlich and Langmuir coefficients for the cRPB in synthetic
wastewater.
Linear parameters
Freundlich parameters
Langmuir parameters
n

1

1/n

0.6624

b

0.0586

KD
r2

0.0051
0.9927

KF
r2

0.0144
0.9733

KL
r2

0.4780
0.9081
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4.4 Conclusion
Preliminary methods of securing the clinoptilolite to the RPB surface included laser
cladding and the formation of a glue (polyester/epoxy)‐clinoptilolite composite for the cRPB
surface. Because clinoptilolite contains aluminum in its tetrahedral frame, it was thought that a
powdered clinoptilolite (mesh size ‐60) could be welded to an aluminum surface via laser
cladding. The thought of laser cladding clinoptilolite to aluminum demonstrated to be incorrect.
The clinoptilolite was immediately vitrified, destroying any exchange properties the zeolite
rendering it inoperable for cation exchange. Therefore ideas of securing the clinoptilolite to an
RPB surface without destroying its cation exchange properties were thought of.
The fabrication of the epoxy‐clinoptilolite composite surface is worthy to be an art form
in and of itself. Polyester glue was primarily used as the matrix to secure the clinoptilolite the
RPB, but fabrication and machining of this composite proved very difficult. The polyester glue
would quickly harden during the vacuum phase of the fabrication process. When the polyester
was successfully poured/ vacuumed throughout the cRPB form and let to try, the epoxy‐
clinoptilolite composite surface would crack into pieces when the outer four inch diameter ABS
pipe was to be removed. The polyester glue is inexpensive, but was incompatible to be used as
the matrix for the clinoptilolite composite surface.
Because the polyester glue did not perform well, epoxy was then chosen as the matrix
to secure the clinoptilolite to the RPB surface. It was determined that a slow curing epoxy was
to be used as the matrix for the clinoptilolite composite. The slow curing epoxy assures that the
matrix would fill the cRPB form entirely and not cure before the form is filled.
It was critical to not let the composite cure for more than 24 hours. If the composite
surface was allowed to cure (dry) for longer than 24 hours the surface would become too brittle
for the machining process via lathe (Fig. 19).
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The removal of ammonium from synthetic wastewater was demonstrated successfully
on a laboratory scale with the cRPB. The overall ammonium ion uptake performance of the
cRPB in synthetic wastewater demonstrates that this technology may have application for NH4+‐
N removal from wastewater.
The epoxy‐clinoptilolite composite exchanges less ammonium ions compared to
granular clinoptilolite, indicating that improvements can be made to this composite surface for
increased NH4+‐N exchange. Fig. 26 compares the Qe for granular clinoptilolite to the Qe for the
epoxy‐clinoptilolite composite.

Qe (meq NH4+‐N/gm clinoptilolite)

1.4

Epoxy‐clinoptilolite composite

Granular clinoptilolite
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20
25
+
Ce (meq NH4 ‐N/L)

30

35

40

Fig. 26 – Differences between NH4+‐N exchange onto granular clinoptilolite and epoxy‐
clinoptilolite composite. The epoxy‐clinoptilolite composite decreases accessibility of ion
exchange sites, thus reducing NH4+‐N concentrations on the solid phase.
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The epoxy matrix used to fixate the clinoptilolite to the RPB surface is not very porous;
this decreases the accessibility of ion exchange sites on the clinoptilolite to be contacted with
aqueous phase solution for cation exchange. If a porous matrix was used this could allow the
clinoptilolite within the composite to come in contact with cationic solutions increasing removal
of desired cationic species. The cRPB, if retrofitted to the WWSP system correctly, can sequester
nitrogen prior to volatilization and therefore reduce the need for nitrogen addition to grow
algae as a biofilm. The following chapter addresses the performance of the cRPB reactor for
algae biofilm attachment.
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CHAPTER 5
ALGAE BIOFILM BIOMASS PRODUCTION ON THE CLINOPTILOLITE ROTATING PHOTOBIOREACTOR
5.1 Introduction
The city of Logan, Utah operates 460 acres of facultative wastewater stabilization ponds
(WWSP), locally referred to as the Logan Lagoons. The WWSP system treats 14.4 million gallons
per day [6] of weak wastewater, characterized in Table 1, from seven local communities before
it flows into the Cutler reservoir [3, 7]. The lagoon system, shown in Fig. 3, uses seven large
ponds in a parallel and series arrangement to meet primary and secondary treatment
requirements for total suspended solids (TSS), biological oxygen demand (BOD5), and pathogens
[3]. Natural algae populations in this system can potentially facilitate nitrogen (N) and
phosphorus (P) removal and be used for biofuel production [3]. The WWSP contain the
nutrients necessary for green algae, but the system was not designed for algal biomass
production. In order for the WWSP to produce algae for nutrient removal and biomass
production, the system must be redesigned.
The Utah Department of Environmental Quality (UDEQ) released a Total Maximum Daily
Load Final Report on the Middle Bear River and Cutler Reservoir in Cache Valley, Utah [6]. This
report states that the Cutler Reservoir has been impaired for warm water fishery use since 2004.
Phosphorus is identified as the problem nutrient, and it is credited for creating algal blooms and
corresponding low dissolved oxygen (DO) conditions that impair the fishery. The UDEQ will
require load reductions of effluent phosphorus from the Logan WWSPs to the Cutler reservoir of
6831 kg total phosphorus (TP) (60.8%) and 9766 kg TP (45.2%) during the summer (May‐Oct)
and winter (Nov‐Apr) seasons [6]. The current P concentration of the wastewater effluent
needs to be reduced from [3.65 mg/L] and [3.46 mg/L] to [2.22 mg/L] and [1.56 mg/L] for the
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summer and winter seasons, respectively [6]. While there are conventional chemical and
biological treatment technologies that could be used to meet the regulatory limits for
phosphorus [7], alternative biological treatment systems that may be less costly to meet UDEQ
effluent regulatory limits and simultaneously remove phosphorus and nitrogen nutrients to
produce algal biomass for renewable biofuels are currently being investigated.
Specifically, algae growth in the WWSP could potentially be used for biomass production
for biofuels including biodiesel and methane gas. Much of the influent nitrogen is hydrolyzed
into ammonium ions that are deprotonated and the nitrogen is removed from the system as
ammonia gas volatilization due in part to elevated pH levels caused by algae growth. The
inorganic phosphorus is not removed by volatilization and remains to be cycled in and out of
algae cells throughout algae life cycles in the system [3]. The phosphorus is subsequently
released into Cutler Reservoir downstream from the treatment plant and could initiate
eutrophication. Research has demonstrated that phosphorus removal through biological
sequestration by algae that are subsequently harvested for biofuel feed stocks could be an
effective nutrient treatment option, and this option is currently being considered for nutrient
removal and algae biomass production for the Logan wastewater stabilization ponds [3].
During the warm summer months, when algae growth is greatest, water temperature
and pH are elevated, which causes ammonia gas to be stripped from the system. Fig. 1 shows
effluent ammonia concentration data obtained over three years (2007‐2009) from the Logan
Utah WWSPs. Effluent ammonia concentrations of the Logan lagoons effectively show ammonia
nitrogen volatilization during the summer seasons and decreased ammonia nitrogen
volatilization during winter months.
To determine summer season ammonia concentrations across the 560 acre WWSP
system, 100 samples were measured in July 2009, when the ammonia concentrations were near
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minimum. The generated statistical map of the 100 samples taken across the WWSPs,
displays that the majority of ammonia nitrogen is volatilized after the first pond (Pond A, Fig.
2a). This trend continues throughout the summer and fall. Elevated ammonia concentrations in
the effluent in the fall, (Pond E, Fig. 2b), are attributed to the lysing of algae cells that release
their contents into solution. The loss of nitrogen by ammonia volatilization from this system will
be unfavorable if algae are to be used for phosphorus remediation.
For optimal growth, algae require macro nutrients nitrogen and phosphorus that are
available in the media with stoichiometric proportions of 16:1 for the biomass formula of
C106H181O45N16P [8]. When nitrogen is volatilized from the system, algae may become molar N‐
limited, and therefore less P will be assimilated into the algae biomass. If ammonium ions can
be sequestered to prevent ammonia volatilization and are bioavailable for algae growth, then
additional aqueous phosphorus can be assimilated into the algae. Clinoptilolite, a naturally
occurring ammonium selective zeolite mineral, has cationic exchange properties that make it
capable of achieving ammonium ion sequestration that may maintain a more favorable
stoichiometric nutrient ratio for optimal algae growth.
Natural zeolites have been used to improve treatment of municipal wastewater.
Accelerated nitrification of activated sludge was achieved with the use of clinoptilolite, which
selectively exchanges ammonium ions from wastewater in the presence of competing cations k+,
Na+, Ca2+, and Mg2+ and provides an ideal biofilm carrier for nitrifying bacteria. The biological
removal of the exchanged ammonium ions from the clinoptilolite surface permits regeneration,
which enables the same zeolite surface to be reused [9‐12]. If algae are able to form biofilms on
a clinoptilolite surface, and ammonium can be sequestered by the clinoptilolite‐biofilm matrix,
then biofilm algae growth could be utilized for nitrogen removal from wastewater.
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As clinoptilolite sequesters nitrogen that would otherwise volatilize, the resulting
algae growth will consume more phosphorus and the remaining phosphorus in the wastewater
is calculated to be below the limit that the UDEQ requires for the summer months, as seen in
Table 9. Winter months will require nitrogen supplementation if algae are to be used to remove
phosphorus, since the influent phosphorus concentration is 50% higher during the winter than
in the summer, while the influent nitrogen is not increased proportionately. The algae biomass
produced will remove phosphorus and serve as feedstock for biofuel production, and the zeolite
surface will be bio‐regenerated for continued nitrogen capture.
The objective of this research is to determine if ammonium cation exchange surface as a
substratum performs better at supporting biofilm algae than substrata lacking ion exchange
capabilities. Since this is an algae biofilm technology, an energy balance will need to be
compared to suspended algae growth in a raceway.

Table 9 ‐ Phosphorus concentration of the wastewater without nitrogen loss and with
nitrogen loss assuming a C106H181O45N16P algae stoichiometry.
Constituent concentration (mg/L)
Influent total phosphorus
Influent ammonium as N
Phosphorus removed by algae
Phosphorus remaining in solution
Phosphorus regulatory limit

Without nitrogen loss
May‐Oct
4.3
15.6
2.16
2.14
2.22

Nov‐Apr
6.2
17.8
2.46
3.74
1.56

With nitrogen loss
May‐Oct
4.3
15.6
0.47
3.83
2.22

Nov‐Apr
6.2
17.8
1.41
4.79
1.56
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5.2 Materials and Methods
5.2.1 Reactor Design/Layout
In order to maintain algae biofilm as the response variable between a cationic ion
exchange surface and an inert surface, there should be no variability of other experimental
parameters. The energy supply of light needs to be constant and therefore Photosynthetic
Photon Flux Density (PPFD) was preliminarily measured across a four foot light, as seen in Fig. 27
to determine if there was a stable zone of light across the light fixture. The middle two and a
half feet of the reactor remained within desirable limits, therefore three RPBs can occupy one
shop light and the overall reactor layout was based on this observation.
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Fig. 27 ‐ Photosynthetic Photon Flux Density of a four foot shop light. The measurements were
obtained one inch from the plant and aquarium light bulbs.
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Algae used to seed the reactors were grown primarily with synthetic wastewater as a
suspended culture in an algal growth raceway to a density of 200 mg/L. The suspended culture
was then transferred to the vessels containing the RPBs.
Two inert surface RPB’s were used as controls in this study. Epoxy that is used as the
matrix to hold the granular clinoptilolite to the RPB was used as one inert surface (eRPB) and
also to determine if it affects biofilm attachment/growth. The second inert RPB surface used
was sand (sRPB). The sand sample used was sieved to contain similar percent finer particle
diameters (Fig. 28) as the granular clinoptilolite used to make the cRPBs. The sand sample with
the same particle size profile as the clinoptilolite was fabricated using the same method used to
make the cRBs. This generates a surface with similar roughness, but lacking the ability to
exchange ammonium cations.

Clinoptilolite

Sand

100

Percent Finer

80

60

40

20

0
2000

1750

1500

1250
1000
750
Particle Diameter (µm)

500

250

Fig. 28 ‐ Clinoptilolite and sand particle size analysis comparison.

0
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The vessel volume of each cRPB is 12.75 L which is large enough to carry sufficient
nutrient for algae biofilm growth. The pH was controlled by automatic sparging of CO2 for each
vessel when pH level rose above 7.77. The pH control system used was set up by using
hardware from Phidgets Inc. (Calgary, Alberta, Canada) and using Labview software. The RPBs
were rotated continuously at 4.8 rpm by a synchronous 6.9 inch‐pound torque AC gearmotor.
The overall vessel/reactor configuration can be seen in Fig. 29.
Reactors were operated as fed batch systems. Phosphorus and nitrogen nutrient levels
were sampled and measured every other day. Samples from each reactor were measured for
total and soluble nitrogen and phosphorus using QuikChem Method 10‐107‐04‐3‐D [109] with
ammonium‐N in synthetic wastewater for standards and QuikChem Method 10‐115‐01‐3‐A
[110] using synthetic wastewater as buffer for standards respectively on a Lachat auto‐analyzer.
Soluble N and P samples were separated from algae using centrifugation at 13,000 rpm for 10
minutes. Nitrogen and phosphorus were maintained at 39 mg N/L and 5.4 mg P/L, respectively.
When necessary, nutrients were supplemented as ammonium phosphate and ammonium
chloride salts for phosphorus and nitrogen nutrients respectively.
To generate a five point biomass growth curve with triplicates, five reactors of each
surface were implemented. To obtain triplicate samples of each point needed to generate the
growth curve, the RPB surfaces were separated into three surfaces with the same area by using
rubber bands as a physical boundary (Fig. 29f). Biomass was harvested at day 7, 14, 21, 28, and
35 days using a razorblade applied to the reactor surface during rotation. Algae biofilm
harvested from the reactor surface was transferred to a pre‐weighted 50 mL centrifuge tube
frozen to ‐80°C and then and lyophilized to determine dry weight.
The lights were placed one inch from the reactor surface and operated on a daily 14:10
hour On:Off cycle. The one inch distance from reactor surface to light source, supplies PPFD
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a
growth. The sides off the cRPB meedia vessels
were
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5.2.2 Nitrogen balance
Two sets of nitrogen balances on the cRPB were conducted;
(1.) For the first nitrogen balance experiment, NH4+‐N was exchanged to the cRPB using
3.25L of 1000 mg/L NH4+‐N solution creating a cRPB with exchanged NH4+‐N (NH4+‐
cRPB). When at equilibrium, the aqueous phase solution was measured using the
ammonium salicylate method (HACH), which is a modification of the phenate
method [94], to determine the mass of nitrogen exchange to the cRPB. The NH4+‐
cRPB reactor was transferred to a vessel containing synthetic wastewater with no
nitrogen source and allowed to grow for 14 days. At the end of the 14 day period
nitrogen was measured for the algae biofilm‐phase using total nitrogen method
[96]. The aqueous‐phase nitrogen was measured using salicylate method. The
NH4+‐cRPB, after the 14 day algae growth period was harvested of algae and
contacted in 1.5M NaCl solution to remove exchanged NH4+‐N from the NH4+‐cRPB.
The removed NH4+‐N from the cRPB was measured by using the salycilate method.
(2.) The second nitrogen balance experiment used a cRPB in the sodium form (Na+‐cRPB)
that was introduced to synthetic wastewater with an NH4+‐N concentration at 39
mg/L. At the end of the 14 day growth period, nitrogen was measured in the
aqueous‐phase, solid exchange‐phase, and in the algae biomass‐phase. The
methods to determine nitrogen were the same as was described in the first nitrogen
balance experiment.
Because the pH of the media had a value of 7.77 and temp was at 21°C, 2% of the NH4+‐
N was in the gaseous ammonia (NH3) form. At completion of the two different nitrogen balance
experiments, mass balances was generated after 14 days of algae biofilm growth which was
used to determine the amount of nitrogen (NH3) volatilized.
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5..2.3 Energy balance
The cR
RPB, sRPB, and eRPB surfacces were illu minated usin
ng two GE plant and aquarium
bulbs (4ft lenggths) with an average
a
Photosynthetic Phhoton Flux Deensity (PPFD) of 73.1

∙

,

measured
m
with
h a hemispherical quantum
m sensor (LI‐CCOR, LI‐250A)) across the reeactor surface
sh
hown in Fig. 30.
3 Light irrad
diance of the GE plant andd aquarium bulbs (Fig. 31) was measureed
ussing Ocean Optics
O
HR‐2000 Spectropho
otometer andd Spectrasuitee software. TThe conversion
faactor obtained to calculate
e energy input from the GEE plant and aquarium bulb
bs was 0.211
J//µmol. An Extech handhelld digital meter was used tto measure V
Volts (V) and C
Current (A) from
th
he synchronous 6.9 inch‐pound torque AC gearmotoor to determine its energyy input to the
re
eactor system
m.
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Fig. 31 ‐ Irradiance spectra of GE plant and aquarium bulb.

An algae culture raceway reactor (Fig. 32) was used to generate suspended algae
biomass to compare energy generation with the algae biofilm biomass from the RPBs. The
raceway was illuminated on four surfaces (top, bottom, left and right sides) with a total of 18 GE
plant and aquarium bulbs and one high pressure sodium bulb. The average Photosynthetic
Photon Flux Density (PPFD) of 334.7, 316.9, 245, and 292.9

∙

, were measured with a

hemispherical quantum sensor (LI‐COR, LI‐250A) across the top, bottom, left, and right sides of
the raceway, respectively. The light irradiance of the high pressure sodium bulb was measured
the same as the GE plant and aquarium bulb and its irradiance spectra is shown in Fig. 33. The
conversion factor obtained to calculate energy input from the high pressure sodium bulb was
0.23 J/µmol.
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Fig. 32 – Algae culture race
eway reactor for suspendeed growth. The raceway iss illuminated with
GE plant & aquarium bulb
bs on the botttom and left and right sidees of the reacctor. The GE H
High
pressure sodium bu
ulb used to illu
uminate the ttop surface o
of raceway is n
not shown.
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Fig. 33 ‐ Irradiance spectra of the GE high pressur e sodium bulb used to illuminate the to
op
surfface of the raaceway.

70

The raceway was made with 1/4” thick acrylic sheeting with dimensions of 4’ length X 2’
width X 1’ height. Acrylic sheeting used to make the circular bends of the raceway was 1/8”
thick. The raceway consisted of two 1’ channels with a length to width ratio of 2:1. Mixing and
circulation of the media was accomplished with the use of a four paddle paddlewheel set‐up
and an electric motor 120 V AC/DC variable low speed motor (Wondermotor, Walnut, CA) at 16
rpm. Synthetic wastewater (Table 5) was used to grow the suspended algae culture as a fed
batch system. Nitrogen and phosphorus were maintained at 39 and 5.4 mg/L, respectively,
using ammonium chloride and ammonium phosphate. pH was maintained at 7.77 using CO2 and
sodium bicarbonate. Lights were cycled on and off for 14 and 10 hours, respectively. The
temperature of the raceway was held at 21°C.
To determine generated energy from the algae biomass, an IKA C2000basic bomb
calorimeter was used to analyze 100 mg of lyophilized algae biofilm biomass and 500 mg of
lyophilized algae grown suspended in the raceway. For each algae growth system (raceway and
biofilm), biomass generated in the log phase of the growth curve was measured for energy
content.

5.2.4 Statistical design
This experiment was set up as a systemized nested factorial design. The factors of this
experiment are the following; sRPB inert exchange surface as a substratum (control); eRPB inert
exchange surface (control); cRPB as the cationic exchanger; and Time (weeks). The response
variable will be algae biofilm biomass. In order to sample each reactor in triplicate, the layout of
the experiment needs to be systemized so that each replicate is sampled on different reactors to
represent one full reactor length. The overall sampling layout is illustrated in Fig. 34.
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s
neested factoriaal design. C = cation exchaange
Fig. 34 ‐ Statistical sampling layout of systemized
surface, S = Sand as an in
nert surface, E = Epoxy as an inert surfaace, W = weeek, R = replicate.

5.3 Results and Discussion
Fig. 35
5 displays the different sub
bstrata surfacces of the sRPPB and eRPB ccompared to the
cR
RPB. The area of exposed sand on the sRPB was cal culated to bee 69% of the ttotal surface aarea
ass compared to 64% of the clinoptilolite exposure onn the cRPB. A
All three surfaces were sanded
ussing 120 grit sandpaper
s
an
nd this is evident by the hoorizontal liness in the 0.5 m
mm image in FFig.
35
5a and the ve
ertical lines sh
hown in Fig. 35c.
3
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a.

b.

c.

Fig. 35 – (a.) cRPB, (b.) sR
RPB, (c.) eRPB surfaces maagnified to 6xx, 40x, and 50
0x magnification.
Image
es were taken
n with an Axio
overt 100 A, aand Zeinn Steemi SV 11 miccroscope.

5..3.1 Reactor algae
a
biomasss performancce
After 14‐21
1
days off operation, th
he cells in susspension werre negligible ccompared witth
biofilm growth
h. All three su
ubstrata resulted in algae cell attachmeent and growth. The algaee
biofilm harvested from the three substraata via razor bblade was very easy. Fig. 36 shows thee
quantitative re
esults of algal growth yield
ds on a cationn exchange RPPB substratum
m and two ineert
urfaces. For 21
2 days, the cationic
c
exchaange surface (cRPB) outpeerformed the two inert
su
exxchange subsstrata in grow
wth yield and productivity. However, affter 35 days o
of growth, thee two
in
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on further
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n growth yield
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Fig. 36 ‐ Biomass production of algae grown on cation exchange and inert cationic exchange
substrata.

Fig. 37 shows nitrogen and phosphorus partitioning of each different RPB vessel. The N and
P of the suspended algae decreases after 14‐21 days because the reactor set up was designed to
promote biofilm growth and inhibit suspended growth. Phosphorus and Nitrogen uptake into
the biofilm of all three RPBs decreases after 4 weeks of biofilm growth. Nutrient removal rates
are greatest between 14‐21 days as shown in Table 10.

Table 10 ‐ Macro‐nutrient removal rates of cRPB, sRPB, and eRPB over time ± standard
deviation.
Growth period
Nutrient
Reactor
(mg/L∙day)
0‐7
7 ‐ 14
14 ‐ 21
21 ‐ 28
cRPB
sRPB
eRPB

P
N
P
N
P
N

0.016±
0.271±
0.014±
0.372±
0.015±
0.226±

0.030
0.150
0.060
0.120
0.060
0.020

0.116±
1.267±
0.113±
1.022±
0.112±
1.172±

*Days 28‐35 nutrient removal rates were negligible

0.008
0.260
0.013
0.160
0.025
0.160

0.145±
1.364±
0.183±
1.009±
0.194±
1.444±

0.068
0.362
0.054
0.723
0.113
0.265

0.061±
0.000±
0.068±
0.067±
0.097±
0.089±

0.149
0.194
0.039
0.361
0.023
0.266
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Fig. 37 ‐ Reactor partitioning of Nitrogen and Phosphorus in suspended and biofilm algae
biomass grown on cation exchange surface (cRPB), and two inert surfaces (sRPB, eRPB).
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5.3.2 Nitrogen balance
(1.) For the first nitrogen balance experiment the amount of NH4+‐N exchanged onto the
NH4+‐cRPB (Nt = 0) was 218.9 mg. Algae biofilm grew at a rate of 5.2 mg/m2∙day. At
the end of 14 days of operation each NH4+‐cRPB grew 0.9 ± 0.07 grams of algae. The
N:P ratio of the algae was 15:1. The nitrogen moved to the algae‐phase (Nalgae) was
36.9% of Nt = 0. The nitrogen remaining on the solid‐phase (NcRPB) after 14 days of
growth was 31.6% of Nt = 0. The amount of nitrogen in the aqueous phase increased
from 0 mg to 17.4 mg which is 7.95% of Nt = 0. With the pH maintained at 7.77, the
amount of Nitrogen lost to volatilization was 23.5% of Nt = 0.

500.0

Nitrogen (mg)

400.0

300.0

200.0

100.0

0.0
N t=0

N volatilized

N algae

N aqueous

N cRPB

Fig. 38 ‐ Nitrogen balance after two weeks of algae biofilm growth on the NH4+‐cRPB. When the
experiment was initiated the cRPB was exchanged with NH4+‐N. The initial nitrogen source was
on the cRPB. The aqueous media lacked nitrogen.
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(2.) The total initial (Nt = 0) amount of NH4+‐N in the aqueous‐phase was 491.7 mg.
After 14 days of operation the amount of NH4+‐N exchanged/remaining on the Na+‐
cRPB (NcRPB) was 11.4% of Nt = 0. Algae biofilm grew at a rate of 5.2 mg/m2∙day. At
the end of 14 days of operation, Each Na+‐cRPB grew 1.0 ± 0.05 grams of algae. The
N:P ratio of the algae was 15:1. The nitrogen moved to the algae‐phase (Nalgae) was
17.6% of Nt = 0. The amount of nitrogen in the aqueous phase after 14 days
decreased from 491.7 mg to 119.4 mg which is 24.3% of Nt = 0. With the pH
maintained at 7.77, the amount of nitrogen lost to volatilization was 46.6% of Nt = 0.

250

Nitrogen (mg)

200

150

100

50

0
N t=0

N volatilized

N algae

N aqueous

N cRPB

Fig. 39 ‐ Nitrogen balance after two weeks of algae biofilm growth on the Na+‐cRPB. When the
experiment was initiated the cRPB lacked NH4+‐N. The initial nitrogen source was in the aqueous
phase.
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5.3.3 Energy balance
The percent recovery of energy input from the algae biofilm biomass was 0.16% for the
cation exchanger surface RPB (cRPB), and 0.18% for both the RPBs with inert surfaces (sRPB and
eRPB). The total energy input was calculated using energy inputs needed to grow the algae
biofilm such as light and reactor rotation via an AC gearmotor. Energy required to dry the
biomass was not included in calculations. The energy recovery from the raceway reactor was
4.6%. Energy input used to calculate values for the raceway algal growth technology was from
the DC gearmotor and the lighting of its four surfaces (top, bottom, left, and right sides). The
energy output, input and energy percent recovery is included in Table 11.

Table 11 ‐ Energy Input and Output comparison of algae biofilm and suspended algae growth
using RPB and raceway growth technologies. Cation exchange surface (cRPB), and two inert
surfaces (sRPB, eRPB) of a rotating photobioreactor. Raceway Photosynthetic Photon Flux
Density (PPFD) was measured on the Top, Bottom, Left and Right sides (T, B, L, R).
Energy output
Energy input
Energy input Percent
(Qout Algae biomass)
(Qin light)
(Qin motor)
recovery
Growth
Conversion
∆H
Energy
PPFD
Area
Energy
Energy
Reactor
rate
Factor
Volt Amp
Q /Q
2
2
KJ/g
KJ/day umol/m ∙sec m
KJ/day
kJ/day out in
g/day
J/µmol
cRPB 21.5 0.017 0.37
0.16
sRPB 21.5 0.019 0.41
73.1
0.005
0.21
3.56 121 0.02 232.7 0.18
eRPB 21.8 0.019 0.42
0.18
T 334.7 0.663
0.23
B 316.9 0.663
Raceway 22.9 13.3 304.3
5856 12.1 0.45 471.2 4.81
L 245.0 0.186
0.21
R 292.9 0.186

5.4 Conclusion
Algae are a diverse group of organisms that can either grow as phytoplankton or benthic
in aquatic habitats. Depending on growth conditions, algae can grow benthic or planktonic
[111]. Benthic algae are only found in high current velocity environments, and fail to grow in
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stagnant water [112, 113]. Tangential velocity caused by the rotation of the RPB mimicked
water current velocity, which facilitated the algae attachment to the substratum.
All three substrata (cRPB, sRPB, eRPB) grew algae biofilm. The cRPB outperformed the
sRPB, and the eRPB during the initial 21 days of growth. However after 35 days of growth there
was no difference between biomass harvested on this day between the three reactors. Each
RPB surface was easily harvested by scrapping the algae biofilm using a razor blade which allows
for facilitated scale up.
The first nitrogen balance experiment with exchanged NH4+‐N to the cRPB substratum as
the only nitrogen source, did not lose as much nitrogen by volatilization (23.5% loss) as
compared to the second nitrogen balance experiment where the cRPB that was exchanged with
sodium and then placed into synthetic wastewater containing NH4+‐N (46.6% loss). Also more
nitrogen was moved into the algae‐phase with the NH4+‐cRPB (36.9%) as compared to the Na+‐
cRPB (17.6%). A possible explanation of why more nitrogen moved into the algae phase of the
first nitrogen balance experiment could be that the nitrogen is more readily available because it
is being slowly released from the substratum to the biofilm. In the second nitrogen balance
experiment the nitrogen was in the initially in the aqueous phase thus diffusion through the
media may have caused less nitrogen to move into the algae phase of this experiment.
Therefore, the cRPB when pre‐exchanged with NH4+‐N and then transferred to other locations
with less available nitrogen for algae growth may improve system performance with less
nitrogen volatilization and more algae biomass generation.
The energy recovery from the raceway growth reactor was much larger than the RPB
algae biofilm reactor despite the large energy input to grow the algae biomass. However, the
total energy input does not include the energy needed to harvest the algae from the synthetic
wastewater, and this will greatly decrease the percent energy recovery. Also, since the values
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calculated did not include drying for both technologies this will further decrease the percent
energy recovery from both algal growth technologies.

80

CHAPTER 6
FUTURE RESEARCH NEEDS

The Utah Pollution Discharge Elimination System (UPDES) only requires ammonia data
to be recorded for the influent and effluent of the Logan Lagoons and not nitrite, nitrate, urea
and organic nitrogen. That is why ammonia was used to calculate Table 1 and Table 2. Since the
influent of the Logan Lagoons contains other forms of nitrogen other than ammonia, the
calculations of phosphorus removal with and without ammonia volatilization in Table 2 should
change. Therefore, it would be necessary to determine the total amount of nitrogen entering
the Logan Lagoons. Total Nitrogen (TN) was measured during the month of May 2011 at the
influent of the wastewater treatment facility. The average influent TN for May 2011 was 19.7 ±
3 mg/L. The influent ammonia nitrogen concentration for the summer season (May‐Oct) in
Table 1 is 15.6 ± 3.1 mg/L. The averages and their corresponding standard deviations of the
measured TN of May 2011 and NH3‐N in Table 1 are statistically the same. Since the TN data
was obtained for only one month (May 2011) and not for the entire summer season (May‐Oct),
the average and standard deviation may change, and not be statistically the same as the influent
ammonia concentration found in Table 1. Therefore, it is necessary to measure total nitrogen
entering into the Logan Lagoons for both seasons (summer and winter) to determine if the
ammonia volatilized from the system may be insignificant to phosphorus removal based from
the 16:1 nitrogen to phosphorus ratio needed for algae growth.
Securing the clinoptilolite to the RPB surface using epoxy demonstrates a decrease in
the clinoptilolite ion exchange properties as shown in Fig. 26. Further research is needed to
improve the process and methods of securing the clinoptilolite to an RPB surface while
maintaining ion exchange performance of the natural zeolite clinoptilolite.
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A possible solution to the fabrication of a cRPB that will maintain ion exchange
performance would be to use an ammonium permeable matrix that would allow ammonium
diffusion to the clinoptilolite located within the matrix‐clinoptilolite composite. The use of a
synthetic zeolite selective to ammonium ions could also be a possible solution. The three inch
ABS pipe to which the composite is secured could also be a different material that provides a
rigid support and allows for ammonium contact from the inner side of the cRPB composite
substratum.
The surface of the cRPB doesn’t necessarily need to be machined flat for mechanical
harvest via scraping. The surface can be machined to have rivets or bumps to create more
surface area for algae attachment and ammonium ion exchange. The algae biofilm can then be
sprayed off the cRPB surface as flocks using water and allowed to sediment in a clarifier for
facilitated harvest and separation.
Another approach to maintain the ammonium ion exchange performance of the cRPB is
to use a different fabrication method. A flat flexible fiberglass sheet could have an adhesive that
is activated by heat applied to its outer surface and have the clinoptilolite applied/layered on
top of the adhesive. Heat could then be applied so that the clinoptilolite and thermo‐adhesive
are secured to the fiberglass sheet. The fiberglass sheet with the clinoptilolite bound to its
surface via the thermo‐adhesive could then be rolled into a cylinder shape and allowed to rotate
so that the clinoptilolite, thermo‐adhesive and fiberglass sheet cure together evenly. The
thermo‐adhesive would need to be applied as a layer thin enough to rigidly bind the
clinoptilolite to the fiberglass sheet but not fully surround the clinoptilolite particles and hinder
their exchange properties.
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Future research with the use of the cRPB would also include a continuous flow system
of a pilot scale cRPB. Continuous flow of nitrogen and phosphorus into and out of the system to
determine percent removal of nitrogen and phosphorus by the algae biofilm attached the cRPB.
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CHAPTER 7
CONCLUSIONS
The removal of ammonia from synthetic wastewater was demonstrated successfully on
a laboratory scale with a selective ion exchange process. The overall ammonium ion uptake
performance of the natural ion‐exchange material clinoptilolite in synthetic wastewater
demonstrates that this technology may be applied for ammonium‐N removal from wastewater.
When ammonium‐N exchanged onto clinoptilolite is introduced to wastewater lacking nitrogen
in the ammonium form, competing cations in the aqueous phase will exchange ammonium on
clinoptilolite exchange sites until equilibrium is achieved. Thus, the natural zeolite clinoptilolite
effectively performs as a nitrogen carrier material. The decrease in competing cations in
solution demonstrates that the clinoptilolite may become regenerated as the ammonium ions
are consumed by the algae, or volatilized. The natural zeolite, if implemented to the WWSP
system correctly, can sequester nitrogen prior to volatilization thus nitrogen nutrient addition
will be reduced, decreasing the cost of algae for biofuel feedstock.
This technology may be applied to future remediation strategies such as removing
ammonium ions from methane digester effluent or as a nutrient transfer material for algae
growth where nitrogen in a system is high in one section and low in another.
The removal of ammonium from synthetic wastewater was demonstrated successfully
on a laboratory scale with the cRPB. The overall ammonium ion uptake performance of the
cRPB in synthetic wastewater demonstrates that this technology may be applied for ammonium‐
N removal from wastewater.
The epoxy‐clinoptilolite composite substratum exchanges less ammonium ions
compared to granular clinoptilolite indicating that improvements can be made to this composite
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surface. For instance, the epoxy itself is not very porous thus reducing clinoptilolite surface
area to be contacted with aqueous phase solution for cation exchange. If a porous matrix was
used this could allow the clinoptilolite within the composite to come in contact with cationic
solutions increasing removal of desired cationic species. The cRPB if retrofitted to the WWSP
system correctly can sequester nitrogen prior to volatilization reducing the need for nitrogen
addition and grow algae as a biofilm.
Algae are a diverse group of organisms that can either grow as phytoplankton or benthic
in aquatic habitats. Depending on growth conditions, algae can grow benthic or planktonic
[111]. Benthic algae are only found in high current velocity environments, and fail to grow in
stagnant water [112, 113]. The rotation of the RPB mimicked water current velocity through
angular momentum, which facilitated the algae attachment to the substratum.
All three substrata (cRPB, sRPB, eRPB) grew algae biofilm. The cRPB outperformed the
sRPB and the eRPB during the initial 21 days of growth. However after 35 days of growth there
was no difference between biomass harvested on this day between the three reactors. Each
RPB surface was easily harvested by scrapping the algae biofilm using a razor blade which allows
for facilitated scale up.
The energy recovery from the raceway growth technology was much larger than the
RPB algae biofilm technology despite the large energy input to grow the algae biomass.
However, the total energy input does not include the energy needed to harvest the algae from
the synthetic wastewater, and this will greatly decrease the percent energy recovery. Also,
since the values calculated did not include drying for both technologies this will further decrease
the percent energy recovery from both algal growth technologies.
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APPENDIX A. CALCULATIONS

CALCULATIONS FOR ESTIMATED PHOSPHORUS REMOVAL WITH AND WITHOUT NITROGEN LOSS
TO THE LOGAN WASTEWATER STABILIZATION PONDS
Given:
Parameter
Average total phosphorus
concentration in influent (mg P/L)
Average ammonium nitrogen
concentration in effluent (mg N/L)
Average ammonium nitrogen
concentration in influent (mg N/L)

May‐Oct

Nov‐Apr

4.3 ± 1.0

6.2 ± 1.2

3.4 ± 3.5

4.3 ± 1.0

15.6 ± 3.1

17.8 ± 3.4

Reference
Logan City
2007‐2009
Logan City
2007‐2009
Logan City
2007‐2009

Assumptions:
Parameter

Reference

Composition of an average alga is C106H263O110N16P
Formula weight of algae is 3550 g/mol

[8]
[8]

Calculations:
May‐Oct phosphorus removed by algae without nitrogen loss:
15.5
1
1
31
2.16
14
16
1
May‐Oct Phosphorus remaining in solution without nitrogen loss:
4.3

2.16

2.14

May‐Oct estimated algae density without nitrogen loss:
15.5
1
1
3550
14
16
1
Nov‐Apr phosphorus removed by algae without nitrogen loss:
17.8
1
1
31
2.46
14
16
1
Nov‐Apr Phosphorus remaining in solution without nitrogen loss:
6.2

2.46

3.74

Nov‐Apr estimated algae density without nitrogen loss:

227
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17.8

1
1
3550
14
16
1
May‐Oct phosphorus removed by algae with nitrogen loss:
3.4
1
1
31
0.47
14
16
1
May‐Oct Phosphorus remaining in solution without nitrogen loss:
4.3

0.47

3.83

May‐Oct estimated algae density with nitrogen loss:
3.4
1
1
3550
14
16
1
Nov‐Apr phosphorus removed by algae with nitrogen loss:
4.3
1
1
31
14
16
1
Nov‐Apr Phosphorus remaining in solution with nitrogen loss:
6.2

1.41

54

1.41

4.79

Nov‐Apr estimated algae density with nitrogen loss:

4.3

282

162
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CALCULATIONS FOR BIO‐AVAILABILITY OF EXCHANGED AMMONIUM FOR
ALGAE BIOFILM GROWTH
Given:
Phase I: Ammonium‐N exchange onto clinoptilolite
Volume of synthetic wastewater media used to exchange ammonia onto clinoptilolite (VC = 3L)
Mass of clinoptilolite (m = 100g)
Phase 1: Nitrogen loading of the clinoptilolite for bio‐availability of growth.
Rep
1
2
3

C0,c (mg NH3‐N/L)

Ce,c (mg NH3‐ N/L)

C0,c‐Ce,c (mg NH3‐N/L)

V (L)

919.2
919.2
919.2

555.2
566.2
559.5

364
353
359.7

3
3
3

Phase II:
Volume of synthetic wastewater media lacking nitrogen source used for bio‐availability study (V
= 5L)

Rep

C0 (mg
NH3‐N/L)

Ce,21 days (mg
NH3‐N/L)

V
(L)

Nclino
(mg/L)

1
2
3

0
0
0

36.6
37.5
36.6

5
5
5

156.05 1.003
149.1 0.997
152.3 1.002

Clino
(g)

Qe (mg
N/g clino)
7.777
7.475
7.600

Calculations:
Phase I:
Nt = 0 = (C0,c‐Ce,c)Vc
Phase II:
Naqueous= (C0‐Ce,21 days)V
Nalgae Biofilm = (TN‐SN)V
Naqueous‐phase = (Ce,21 days)V
Nvolatilized = Nt =0 ‐ Naqueous ‐ Nalgae – Nclinoptilolite
Nt = 0

Nclinoptilolite

1092.0
1059.0
1079.1
Average
1076.7
Stdev
16.6

777.7
747.5
760.0
Average
761.7
Stdev
15.2

Nalgae

Naqueous

Nvolatilized

21.5
183.0
109.8
20.0
187.5
104.0
22.0
183.0
114.1
Average Average Average
21.2
184.5
109.3
Stdev
Stdev
Stdev
1.0
2.6
5.1

TN
SN
(mg/L) (mg/L)
41.2
38.9
40.1

36.9
34.9
35.7

98
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Abstract Microalgae are known for their ability to reduce nitrogen and phosphorus
concentrations in wastewater and their potential as a biofuel feedstock. The objectives of this
research were to design, construct, and evaluate a biofilm reactor that can capture ammonium
nitrogen to support algae biofilm growth that will remove phosphorus from wastewater and
produce algae biomass that can be easily harvested and used as a biofuel feedstock. A zeolite
epoxy composite was tested as a support material for microalgae biofilm attachment. The algae
biomass attached on the supporting composite surface was harvested by scraping; the residual
colonies left on the surface served as inoculum for regrowth. The algae initial growth phase
resulted in a similar biomass productivity as the regrowth phase (12 g/m2•day). The biomass
harvested from the attached growth system was 8.5% solids (w/v). The initial growth and
regrowth phases resulted in biodiesel production potential with fatty acid methyl esters yield of
6.9% of dry algae biomass and a productivity of 0.82 g/m2•day. The algal biofilm removed 0.44
g/m2 nitrogen and 0.09 g/m2 phosphorus from municipal wastewater per day. The rotating
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algal biofilm system demonstrated good performance in terms of biomass yield, biodiesel
production potential, ease to harvest biomass, and physical robustness for reuse.

Keywords wastewater, algae, biofilm, biofuels, clinoptilolite, photobioreactor

1. INTRODUCTION

The city of Logan, Utah operates 460 acres of facultative wastewater stabilization ponds
(WWSP). This system treats 14.4 million gallons per day [1] of weak wastewater, characterized
in Table 1, from seven local communities before it flows into the Cutler reservoir [2, 3]. This
lagoon system, shown in Fig. 1Fig. 3, uses seven large ponds in a parallel and series arrangement
to meet treatment requirements for total suspended solids (TSS), biological oxygen demand
(BOD5), and pathogens [2]. Natural algae populations in this system can potentially facilitate
nitrogen (N) and phosphorus (P) removal, and be used for biofuel production [2]. The WWSP
was not designed for algal biomass production. In order for the WWSP to produce algae for
nutrient removal and biomass production for conversion to biofuels, the system must be
redesigned.
The Utah Department of Environmental Quality (UDEQ) released a Total Maximum Daily
Load Final Report on the Middle Bear River and Cutler Reservoir in Cache Valley, Utah in 2010
[1]. This report states that the Cutler Reservoir has been impaired for warm water fishery use
since 2004. Phosphorus is identified as the problem nutrient, and is credited for creating algal
blooms and corresponding low dissolved oxygen (DO) conditions that impair the fishery. The
UDEQ will require load reductions of effluent phosphorus from the Logan WWSPs to the Cutler
reservoir of 6831 kg total phosphorus (TP) (60.8%) during the summer (May‐Oct) and 9766 kg TP
(45.2%) during the winter (Nov‐Apr) seasons, respectively [1]. The current P concentration of
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the wastewater effluent needs to be reduced from [3.65 mg/L] and [3.46 mg/L] to [2.22
mg/L] and [1.56 mg/L] for the summer and winter seasons, respectively [1]. While there are
conventional chemical and biological treatment technologies that could be used to meet the
regulatory limits for phosphorus [3], the Sustainable Waste‐to‐Bioproducts Engineering Center
(SWBEC) is investigating alternative biological treatment systems that may be less costly to meet
UDEQ effluent regulatory limits and simultaneously utilize phosphorus and nitrogen as nutrients
to produce algal biomass for renewable biofuels.
Specifically, algae growth in the WWSP could potentially be used for biomass production
for biofuels including biodiesel and methane gas. Much of the influent nitrogen is hydrolyzed
into ammonium ions that are deprotonated and the nitrogen is removed from the system as
ammonia gas volatilization due in part to elevated pH levels caused by algae growth. The
inorganic phosphorus is not removed by volatilization and remains to be cycled through biomass
(algae) and wastewater phases throughout algae life cycles in the system [2]. Phosphorus is
subsequently released into Cutler Reservoir downstream from the treatment plant and could
initiate eutrophication. Research has demonstrated that phosphorus removal through biological
sequestration by algae biomass that is subsequently harvested for biofuel feed stocks could be
an effective nutrient treatment option, and this option is currently being considered for nutrient
removal and algae biomass production for the Logan wastewater stabilization ponds [2].
During the warm summer months, when algae growth is greatest, water temperature
and pH are elevated, which causes ammonia gas to be volatilized from the system. Fig. 40
shows effluent ammonia concentration data obtained over three years (2007‐2009) from the
Logan Utah WWSPs. Effluent ammonia concentrations of the Logan lagoons effectively show
ammonia nitrogen loss through volatilization during the summer seasons and decreased
ammonia nitrogen volatilization during winter months.
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Fig. 40 ‐ Ammonia concentration of Wastewater Stabilization Ponds (WWSP) effluent
(UPDES 2007‐2009 data)

To determine summer ammonia concentrations across the 560 acre WWSP system, 100
samples were measured in July 2009. The statistical map of the 100 samples taken across the
WWSPs shows that the majority of ammonia nitrogen is volatilized after the first pond (Pond A,
Fig. 2a). This trend continues throughout the summer and fall. Elevated ammonia
concentrations in the effluent in the fall, (Pond E, Fig. 2b), are attributed to the lysing of algae
cells that release their contents into solution. The loss of nitrogen by ammonia volatilization
from this system negatively impacts phosphorus remediation through algae biomass production.
For optimal growth, algae require macro nutrients nitrogen and phosphorus that are
bioavailable in the media with molar stoichiometric proportions of 16:1 for the biomass formula
of C106H181O45N16P [4]. When nitrogen is volatilized from the system, algae may become N‐
limited, and therefore less P will be assimilated into the algae biomass. If ammonium ions can
be sequestered to prevent volatilization as ammonia gas and are bioavailable for algae growth,
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then additional aqueous phosphorus can be assimilated into the algae. Clinoptilolite, a
naturally occurring ammonium selective zeolite mineral, has cationic exchange properties that
make it capable of achieving ammonium ion sequestration to prevent ammonia loss and
maintain a more favorable stoichiometric nutrient ratio within the wastewater and zeolite
system for optimal algae growth.
Natural zeolites have been used to improve treatment of municipal wastewater [5].
Accelerated nitrification of activated sludge is achieved with the use of clinoptilolite which
selectively exchanges NH4+‐N from wastewater and provides an ideal nutrient carrier for
nitrifying bacteria, which then oxidize NH4+‐N to nitrate [6]. The biological removal of the
exchanged ammonium ions from the clinoptilolite surface permits regeneration, which enables
the same zeolite surface to be reused [6‐9]. If algae are able to form biofilms on a clinoptilolite
surface, and ammonium can be sequestered by the clinoptilolite biofilm matrix, then biofilm
algae growth could be utilized for nitrogen removal from wastewater.
As clinoptilolite sequesters nitrogen that would otherwise volatilize, the resulting algae
growth will consume more phosphorus such that the remaining phosphorus in the wastewater
is calculated to be below the limit that the UDEQ requires for the summer months, as seen in
Table 2. Winter months will require nitrogen supplementation if algae are to be used to remove
phosphorus, since the influent phosphorus concentration is 50% higher during the winter than
in the summer, while the influent nitrogen is not increased proportionately. The algae biomass
produced will remove soluble phosphorus and serve as feedstock for biofuel production, and
the zeolite surface will be bio‐regenerated for continued nitrogen capture.
The objectives of this research were to design, construct, and evaluate a biofilm reactor
that can capture ammonium nitrogen to support algae biofilm growth that will remove
phosphorus from wastewater and produce algae biomass that can be easily harvested and used
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as a biofuel feedstock. The approach taken here describes the design of the reactor,
discusses the fabrication method, and demonstrates the technical feasibility of the reactor in
wastewater.
2. DEVELOPMENT OF THE CLINOPTILOLITE ROTATING PHOTOBIOREACTOR
2.1 Algal Biofilm
Despite the enormous potential of algal biofuels, there are many challenges to make
large‐scale production feasible. Currently, biofuel production is limited mainly by several factors
associated with developing algal biomass. These factors include problems associated with the
design of optimal bioreactors, the isolation and separation of algae from water, chemical
conversion of algal biomass, and the maintenance of physical and chemical environments
needed for optimal algal growth [10]. Algae culture systems including open ponds typically
generate cell concentrations of 0.1‐1 g/L [11, 12]; harvesting algal cells from this dilute
suspension is costly. Also, oil yield of the algae is relatively low[13]. Large scale production and
harvesting of algae with minimal costs could greatly increase the potential of algae for use as a
feedstock for biofuel.
To eliminate the need to harvest, it has been suggested by investigators that
immobilized algae in a gelatinous matrix could be the key to successful tertiary treatment of
phosphorus and nitrogen in wastewater [14, 15]. However, if algae are to be used as a biofuel
feedstock then this method will not work. A potential solution to immobilize algae for
treatment of wastewater is to grow the biomass as a biofilm that can be easily harvested.
Experiments using algae‐based biofilms in trickling filters to treat wastewater have been well
studied [16]. Both algae biofilms and suspended microalgae cultures have been successfully
shown to remove phosphorus, nitrogen, and heavy metals [17‐19]. Although the continuous use
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of a well‐established algae biofilm for wastewater treatment showed lower phosphorus and
nitrogen removal than suspended cultures over time, harvesting the algae biofilm mass when
nutrient uptake is highest will promote new biofilm colonies that will continue to remove
nutrients at high rates [20].
2.2 Natural Zeolite: Clinoptilolite
Zeolites are a group of naturally occurring hydrated aluminosilicates of alkali and
alkaline earth cations having an open, three‐dimensional structure, with high cation exchange
capacities. The structure of zeolite minerals are different but they all have large open channels
in the crystal structure that provide a large void space for the adsorption and exchange of
cations. The internal surface area of these channels can be as much as several hundred square
meters per gram of zeolite [8]. The microporous arrangement makes natural zeolites extremely
effective ion exchangers.
The cation exchange capacity (CEC) of a zeolite is a function of the amount of aluminum
(Al3+) that substitutes for silicon (Si2+) in the framework tetrahedra; the greater the Al content,
the more extra framework cations are needed to balance the charge. Clinoptilolite is a zeolite
with a relative CEC of approximately 2.25 meq/g, and its cation selectivity for common cations in
wastewater is K+ > NH4+ > Na+ > Ca2+ > Fe2+ > Al3+ > Mg2+ [8]. The weakly‐bonded extra
framework cations can be exchanged readily by washing clinoptilolite with a strong solution of
another cation. Increased sorption of ammonia from aqueous solutions can be achieved by
reducing particle sizes of clinoptilolite [21]. The preference of clinoptilolite for larger cations,
including NH4+, has been exploited for removing NH4+‐N from municipal sewage effluent, and for
applications to agricultural and aquaculture applications, [7‐9, 22].
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Clinoptilolite can function as a biocarrier of nitrogen for nitrifying bacteria. When
used as a supplement to activated sludge (AS) processes, enhanced nitrification has been
observed [6, 7, 9, 23]. Bacterial biofilms on small zeolite particles (1.0‐3.2 mm) did not affect
the ion exchange, but improved the initial sorption rate due to bio‐sorption [21]. Larger particle
sizes (8‐15mm) with bacterial biofilm attached showed a reduction of ion exchange rate by 22%
of its equilibrium capacity [21]. Laboratory and pilot scale studies using clinoptilolite as a
nutrient sink for bacterial treatment of wastewater concluded that thick biofilms and biofilm
support media with ion exchange capacities are favorable to counteract peak loading
fluctuations and prevent effluent concentrations from exceeding set discharge levels [8].
2.3 The Clinoptilolite Rotating Photobioreactor (cRPB)
A novel type of algae photobioreactor is referred to as the clinoptilolite rotating
photobioreactor (cRPB). The concept for this design integrates the technology of rotating
biological contactors (RBC) for wastewater treatment, zeolites for cation exchange, and the
environmental requirements for algae biomass production. Algae require nitrogen, phosphorus,
and other nutrients, sunlight, carbon dioxide, and water, and the proposed cRPB meets these
requirements in a unique way. The major differences between the cRPB and RBC technologies
are seen in Table 1.
The cRPB, shown in Fig. 1, consists of clinoptilolite attached to a rotating drum, which is
partially submerged in wastewater. This drum spins at a low speed, approximately 4.6 rpm. As
the cRPB rotates, the clinoptilolite adsorbs ammonium ions from the wastewater. Also, as the
cRPB rotates, algae cells in the wastewater attach to the rough surface and form a biofilm on the
surface. The algae biofilm is alternately exposed to air, CO2, and full sunlight above the water,
and then the nutrients and HCO3‐ in the wastewater. The algae can use phosphorus directly
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from the wastewater and nitrogen from the clinoptilolite or wastewater, and ammonium
ions will continually migrate through the biofilm and be exchanged to the clinoptilolite to
maintain equilibrium conditions [9, 21, 23]. This design has the potential for high biomass
yields, since the culture is exposed to direct sunlight and therefore does not undergo the light
scattering and adsorption losses in a suspended culture [24].
An advantage to growing algae as a biofilm is that the biomass is already concentrated,
relative to the biomass in a suspended culture. A simple drum harvester can be used to
mechanically scrape the biomass from the cRPB surface, providing thick algae biomass slurry
and leaving an inoculum on the drum to promote quick regrowth of the algae biofilm.
3. CLINOPTILOLITE CHARACTERIZATION AND cRPB FABRICATION
3.1 Granular clinoptilolite Sample Characteristics
Granular clinoptilolite was obtained from the Bear River Zeolite company, located in
Preston, Idaho. A particle size analysis was performed, and the data is presented in Fig. 9.
Based on the size analysis, the uniformity coefficient of the granular clinoptilolite sample was
determined to be 2.64 and the effective diameter was 0.53 mm.
3.2 Clinoptilolite ion exchange in synthetic wastewater
The clinoptilolite sample was washed with de‐ionized water to remove particulates, and
then soaked in 1M NaCl solution for 24 hours. This procedure was performed twice creating
clinoptilolite exchanged with sodium ions (Na‐Clinoptilolite).
Ammonium exchange characteristics of granular clinoptilolite were determined in the
presence of competing cations and co‐anions using 50 mL of synthetic wastewater media
formulated from a composite sample obtained from the Logan lagoons and 0.5 grams of Na‐
clinoptilolite. Wastewater cationic concentrations (meq/L) of competing species from the Logan

107

lagoon influent and effluent (Table 4) were used to formulate the representative synthetic
wastewater media. Ammonium concentrations in triplicates of 0.5, 1, 2.5, 5, 10, 20, and 40
meq/L were each allowed to contact the clinoptilolite mass for 0.5, 1, 2, 4, 8, 12, and 24 hours as
presented in Fig. 10. Vertical lines, apart from where they are covered by data symbols,
represent standard deviations. Ammonium exchange for all ammonium concentrations was at
equilibrium after 24 hours of contact time. The ammonium exchange equilibrium isotherm in
synthetic wastewater was fitted to Langmuir and Freundlich models shown in Fig. 13.
3.3 cRPB Fabrication
An eight inch long tubular form was prepared using a three inch diameter standard ABS
pipe for the inner diameter and a four inch diameter standard ABS pipe for the outer diameter.
Both of the ABS pipe sections were secured concentrically to a four inch ABS pipe plug using a
thermoplastic adhesive. The four inch ABS pipe had vacuum grease applied to the inner
diameter for ease of separation from the clinoptilolite‐epoxy composite. A 3/8 inch hole was
drilled and tapped (1/4 inch NPT) in the outer pipe section 1/2 inch from the bottom end of the
form. A 1/4 inch NPT male X 10 mm brass nozzle was situated in the tapped hole for a vacuum
port. A plastic mesh was inserted into the vacuum port to prevent clinoptilolite from leaving the
form when a vacuum was applied. Clinoptilolite was inserted between the three inch ABS pipe
and the four inch ABS pipe and filled a half an inch from the top of the form. One hundred
grams of slow curing epoxy resin mixed with 14 grams hardener (Leco Direct) was poured on top
of the clinoptilolite and was pulled through the void space to the bottom of the form by the
applied vacuum. Epoxy was continually added to the top of the form while the vacuum was
applied, until epoxy showed up in the vacuum port. Based on qualitative analysis, this produced
a uniform epoxy matrix around the clinoptilolite granules.
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The clinoptilolite‐epoxy composite was dried for 24 hours at room temp. The outer
diameter of the form was removed. The clinoptilolite‐epoxy composite fixed to the three inch
ABS pipe was machined on a lathe to the diameter of 9.76 cm, a length of 14.1 cm, and sanded
using 120 grit sand paper to produce a surface conducive to biofilm attachment [25]. A 1/4 inch
hole was drilled into the center of two three inch ABS pipe plugs. These two plugs were inserted
onto the three inch ABS pipe containing the clinoptilolite epoxy matrix. A 1/4 inch diameter
stainless steel threaded rod was inserted and fastened using two one inch diameter stainless
steel washers and two stainless steel lock nuts (Fig. 21).
3.4 cRPB Surface Characteristics
The cRPB surface was characterized to determine the fraction of exposed clinoptilolite.
Images in Fig. 22 were taken with an Axiovert 100 A and Zeinn Stemi SV 11 microscope. Surface
area was calculated using AutoCAD 2010, and it was determined that 64% of the cRPB surface is
exposed clinoptilolite.
The cRPBs used to generate isotherm exchange data had diameters of 9.76 cm, and
lengths of 2.56 cm. The cRPBs surfaces were washed with de‐ionized water to remove
particulates then soaked in 1M NaCl solution for 24 hours. This procedure was performed twice,
creating cRPBs exchanged with sodium ions (Na‐cRPB).
Ammonium exchange characteristics of cRPB were determined in the presence of
chloride co‐ion using 1L of synthetic wastewater media formulated from a composite sample
obtained from the Logan Lagoons. Average wastewater cationic concentrations (meq/L) of
competing species from the Logan Lagoons influent and effluent (Table 4) were used to
formulate the synthetic wastewater media. Ammonium concentrations in triplicates of 0.5,1,
2.5, 5, 10, 20, and 40 meq/L were each allowed to contact the cRPB for 0.5, 1, 2, 4, 8, 12, 24, 48,
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and 72 hours as shown in Fig. 24. Ammonium exchange for all ammonium concentrations is
at equilibrium after 72 hours of contact time. The ammonium exchange isotherm was
generated when each ammonium concentration reached equilibrium, and is shown in Fig. 25. A
linear isotherm model fits the ammonium exchange behavior of the cRPB surface.
3.5 cRPB prototype performance test
3.5.1 Experiment Design for algae biomass and fatty acid methylesters
Biomass productivity and mass fraction of lipids convertible to fatty acid methyl esters
(FAME) on the prototype cRPB surface in actual WWSP wastewater were measured. Over the
duration of the experiment, algae biomass grown on the cRPB and solar irradiance incident on
the surface of the cRPB were measured.
Three cRPBs were charged with Na+ cations using 1M NaCl for two consecutive 24 hour
periods and assembled on the apparatus, as shown in Fig. 41. The cRPB apparatus was rotated
at 4.8 rpm by a synchronous 6.9 inch‐pound torque AC gearmotor, and was placed in
wastewater where ammonium was available for exchange and naturally occurring algae could
inoculate the reactors. The reactors were operated for four weeks. At the end of week one,
two, and three, a reactor was harvested for algae and the retained algae were allowed to grow
for the balance of the four week period. This scheme produced an initial growth and re‐growth
curve for a three‐week period, and was replicated three times, therefore the experiment was
conducted over a total of 12 weeks.
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Fig. 41 ‐ Clinop
ptilolite Rotatting Photo Bio
oreactor (cRPPB) in the Logan Utah wasttewater treattment
lagoons
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3.6.2 Biomass dry weight determination and FAME extraction
The algae biomass was harvested using a razor blade pressed against the cRPB surface.
The biomass was centrifuged, frozen to ‐80°C, and lyophilized in preparation for FAME
extraction. The biomass dry weight was determined after complete lyophilization.
The biodiesel (FAME) was extracted using a single step reactive extraction process using
5% acidic methanol at 100°C for one hour [26]. Hexane was used as the organic solvent to
remove FAME from the digested algae slurry.
3.6.3 Biodiesel Yield Evaluation and FAME Characterization
FAME was analyzed using an Agilent Technologies 7890A GC system equipped with a
flame‐ionization detection (FID) device and a Restek Stabil Wax‐DA column (30 m, 0.32 mm ID,
0.25 μm film thickness). Standard curves were created using a mixture of C8‐C24 FAME (C8:0‐
Methyl octanoate 8 wt. %, C10:0‐Methyl decanoate 8 wt. %, C12:0‐Methyl dodecanoate 8 wt. %,
C14:0‐Methyl myristate 8 wt. %, C16:0‐Methyl palmitate 11 wt. %, C16:1‐Methyl palmitoleate 5
wt. %, C18:0‐Methyl stearate 8 wt. %, C18:1 Methyl oleate 5 wt. %, C18:2‐Methyl linoleate 5 wt.
%, C18:3‐Methyl linolenate 5 wt. %, C20:4‐Methyl arachidate 8 wt. %, C22:0‐Methyl behenate 8
wt. %,C22:1‐Methyl cis‐13‐docosenoate 5 wt. %, C24:0‐Methyl tetracosanoate 8 wt. %) in
hexane at concentrations of 0.2, 0.6, 1.0, 1.6, and 2.22 mg/ml, respectively. FAMEs were
identified by comparing the retention time of samples with standards, and quantified by using
peak area measurements. Unknown FAMEs were quantified by comparison to the C16:0
standard curve.

112

4. RESULTS AND DISCUSSION
4.1 Environmental Conditions
The full‐spectrum solar energy delivered per day and the photosynthetic active radiation
(PAR) fraction of the spectrum are presented in Fig. 42. A seasonal decline is evident, as
expected, and over the course of the experiment the daily total solar energy delivery declined
by approximately 20%. The photosynthetic photon flux density (PPFD) was measured
throughout the test, and the PPFD for a typical 24‐hour day is presented in Fig. 43.
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Fig. 42 ‐ 24‐hour accumulative energy flux from sunlight delivered to biofilm algae.
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Fig. 43 ‐ Typical Photosynthetic Photon Flux Density (PPFD) of the sun over a 24‐hour period
during the test

4.2 Biomass Production

Average and standard deviation of biomass yield from the growth and regrowth
experiment are presented in Fig. 44, where the vertical axis represents the biomass dry weight

Areal algae biomass (g/m2)

per unit pond surface area occupied by the cRPB.
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Fig. 44 ‐ Initial and Regrowth biofilm biomass yields ± standard deviation of algae grown on
Clinoptilolite Rotating Photo Bioreactor (cRPB)
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Statistical ANOVA produced a P‐value of 0.0003 for algae biofilm growth with time,
which indicates that there was a statistical difference in biofilm growth with time and illustrates
that the biomass had not yet reached stationary phase after 21 days of growth. The analysis of
variance (ANOVA) statistical test also generated a P‐value of 0.3497, illustrating that there was
no statistical difference between algae biofilm initial growth and regrowth phases at each
sampling time.
4.3 FAME Production
The FAME fractions (mass of FAME per unit mass of dry algae) from the growth and
regrowth data are presented in Fig. 45. The quantity of each FAME identified in the biodiesel
extract is shown in Table 12.
Initial growth

Regrowth

10
9
FAME Fraction (% FAME)

8
7
6
5
4
3
2
1
0
7

14
Time (Days)

21

Fig. 45 ‐ Fatty Acid Methyl Ester (FAME) fraction yields from cRPB algae biofilm biomass, % of
total algae biomass ± standard deviation
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Table 12 ‐ Fatty Acid Methyl Ester (FAME) composition of biofilm algae biomass grown in
wastewater, % of total FAME ± standard deviation
Initial growth
7th day
14th day 21st day
7th day
C14:0 Methyl myristate
6.4 ± 5.7 6.2 ± 2.0 5.6 ± 0.9 9.6 ± 5.8
C16:0 Methyl palmitate
33.8 ± 14.4 18.1 ± 4.0 17.0 ± 1.6 23.2 ± 10.4
C16:1 Methyl palmitoleate 14.3 ± 10.8 14.7 ± 7.8 11.9 ± 1.7 11.4 ± 3.2
C18:0 Methyl stearate
1.2 ± 1.6 0.9 ± 0.3 1.0 ± 0.5 1.3 ± 1.2
C18:1 Methyl oleate
2.9 ± 2.4 3.1 ± 1.5 3.4 ± 1.9 3.8 ± 3.0
C18:2 Methyl linoleate
1.4 ± 1.2 1.6 ± 0.9 2.5 ± 0.8 1.1 ± 0.9
C18:3 Methyl linolenate
3.5 ± 3.0 5.0 ± 2.3 9.3 ± 2.7 5.3 ± 3.3
C20:4 Methyl arachidate
‐ ±‐
0.1 ± 0.3 0.5 ± 0.4
‐ ±‐
C22:0 Methyl behenate
4.8 ± 5.3 4.0 ± 3.3 3.8 ± 1.8 4.4 ± 3.8
unknown
‐
38.0 ± 15.4 38.2 ± 7.7 44.9 ± 1.0 40.3 ± 8.9
Class

FAME

Regrowth
14th day 21st day
6.5 ± 2.2 6.4 ± 1.9
18.3 ± 4.5 16.9 ± 3.3
9.6 ± 3.7 9.6 ± 2.4
1.2 ± 0.5 1.1 ± 0.6
2.8 ± 0.7 2.7 ± 1.5
1.7 ± 0.6 1.9 ± 0.6
6.9 ± 4.4 6.4 ± 3.1
0.3 ± 0.3 0.5 ± 0.4
3.2 ± 2.2 3.4 ± 2.7
48.4 ± 6.5 50.6 ± 3.7

FAME fractions were not statistically different throughout algae biofilm growth (p‐value
= 0.3369). This means that FAME mass fractions of algae biofilm growth and regrowth were
statistically the same at day 7, day 14, and day 21. Similarly, it was determined that the FAME
mass fractions were not statistically different (p‐value = 0.3994) for the algae biofilm growth and
regrowth phases for each of the harvest periods.
4.4 Wastewater Remediation
cRPB algae biofilm biomass was analyzed for N and P content by the Utah State
University Analytical Laboratories (USUAL). It was determined that the algae biofilm has a
stoichiometric molar N: P ratio of 11.4: 1. Nitrogen and phosphorus removal rates calculated
from the measured N: P ratio are 0.44 g/m2∙day and 0.09 g/m2∙day respectively.
At completion of the experiment, cRPBs were contacted with 1.5 M NaCl solution for 72
hours to remove exchanged ammonium cations on the epoxy‐clinoptilolite composite surface.
It was determined that 0.003 ± 0.0016 meq NH4+‐N/g clinoptilolite exchanged to the cRPB
substratum. The average ammonium nitrogen concentration of the wastewater throughout the
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experiment was 0.0483 ± 0.0778 meq NH4+‐N/L. The average NH4+‐N effluent concentration
together with the linear cRPB exchange isotherm indicates that ammonium exchanged must be
0.008 meq NH4+‐N/g clinoptilolite.
5. CONCLUSIONS

The epoxy‐clinoptilolite composite exchanges less ammonium ions compared to
granular clinoptilolite indicating that improvements can be made to this composite surface. The
epoxy is not very porous, thus reducing clinoptilolite surface area to be contacted with aqueous
phase solution for cation exchange. A porous matrix could allow the clinoptilolite within the
composite to contact with cationic solutions and therefore increase the removal of NH4+‐N.
The design of the cRPB demonstrates exchange of ammonium ions onto the reactor
surface for ammonium nitrogen sequestration for algae growth, thus preventing volatilization of
ammonia. Also, based on a qualitative examination of the cRPB, the biofilm present was
primarily autotrophic biomass, rather than heterotrophic biomass that is present on RBCs.
Additional research is underway to determine if the cRPB cation exchange surface demonstrates
enhanced microalgae biofilm growth compared to inert exchange surfaces.
As fabricated and operated, the natural zeolite epoxy composite surface of the cRPB
maintained structural integrity for three months in wastewater with solar (including UV) and
weather exposure.
Performance of the cRPB demonstrated that algae cells were concentrated through
biofilm growth for efficient separation from water, which differs from suspended microalgae
cultures that need a large energy input for separating algae from water. Microalgae were
proficient at colonizing the cRPB with a productivity of 12 g∙m‐2∙day‐1. The biomass harvested
from the attached growth system was 8.5% solids (w/v). The biomass productivity of the cRPB
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microalgae growth technology is comparable with other algae wastewater technologies seen
in Table 13. Although the productivity of the cRPB is in the lower range of other microalgae
wastewater growth technologies, additional energy input needed for dewatering is minimal
compared to suspended growth systems.

Table 13 ‐ Algae wastewater technologies compared with the cRPB
Algae growth technology
Productivity (g∙m‐2∙day‐1)
cRPB
12
Benthic Algae Growth Chamber (BAGC)
5.3 to 5.5
Algae Turf Scrubber (ATS)
5
Polystyrene Rocker
2.57
Styrofoam Disks
2.2
Raceway
10 to 35
High‐Rate Algal Ponds (HRAP)
10 to 35
Periphyton growth
10 to 35

Reference
This study
[27]
[28]
[29]
[30]
[31]
[32, 33]
[34]

With the natural growth parameters present in the wastewater, an average of 6% FAME
(biodiesel) can be generated from the algae biofilm biomass produced. FAME productivity of
0.82 g/m2∙day can be generated from the algae biomass grown on the cRPB. The observation
that algae biofilm biomass productivity and FAME mass fraction were the same for growth and
regrowth phases is encouraging, because it indicates that it may not be necessary to remove the
cRPBs from wastewater for cleaning and Na+ exchange may not be necessary for recharging the
clinoptilolite thus reducing operation costs. Cost reductions of algae feedstock production
grown in wastewater further promote biofuel competition with petroleum based fuels.
As the algae biofilm propagates and is then harvested, assimilated P is removed from
the wastewater system avoiding discharge into water bodies downstream.
The research presented here describes the design of the reactor, discusses the
fabrication method, and demonstrates the technical feasibility of the reactor in wastewater.
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Work is ongoing to determine the bioavailability of exchanged ammonium nitrogen on
clinoptilolite for algae biofilm growth, and energy input/output performance of algae biofilm
grown on cRPBs compared to suspended algae growth in raceways.
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