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ABSTRACT

A novel phosphorus (P) adsorbent, ferrihydrite-modified diatomite (FHMD) was

developed and characterized in this study. The FHMD was made through surface

modification treatments, including NaOH treatment and ferrihydrite deposition on raw

diatomite. In the NaOH treatment, surface SiO2 was partially dissolved in the NaOH

solution. The dissolved Si contributed to form stable 2-line ferrihydrite, which

deposited into the larger mesopores and macropores of the diatomite. The 2-line

ferrihydrite not only deposited into the pores of the diatomite but also aggregated on the

surface. Filling the larger mesopores and macropores of the diatomite and aggregation

on the diatomite surface with 0.24 g Fe/g of 2-line ferrihydrite resulted in a specific

surface area of 211.1 m2/g for the FHMD, which is an 8.5-fold increase over the raw

diatomite (24.77 m2/g). The surface modification also increased the point of zero

charge (pHPZC) values to 10 for the FHMD from 5.8 for the raw diatomite.

Effects of the formation process parameters such as concentrations of FeCl2, NaOH, and

drying temperature on the formation mechanism and crystalline characteristics of

FHMD were studied by using X-ray absorption near-edge structure (XANES)

spectroscopy. The spectra were recorded in both the total electron yield (TEY) and the

fluorescence yield (FY) modes to investigate the chemical nature of Fe and Si on the

surface and in the bulk of ferrihydrite-modified diatomite, respectively. It was found

that only the surface SiO2 was partially dissolved in the NaOH solution with stirring and

heating, whereas the bulk of diatomite seemed to be preserved. The dissolved Si was

incorporated into the structure of ferrihydrite to form the 2-line Si-containing

ferrihydrite. The crystalline degree of ferrihydrite increased with the increasing FeCl2

concentration and the Brunauer-Emmett-Teller (BET) specific surface area of FHMD

decreased with the increasing FeCl2 concentration. The NaOH solution of higher

concentration partially dissolved more surface SiO2 and the crystalline degree of

ferrihydrite decreased with the increase in NaOH concentration. The dehydroxylation

on the surface of FHMD occurred in the high temperature calcination, causing an
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energy shift in the Si L-edge spectra to the high energy side and an increase in the

crystalline degree of ferrihydrite. In this study, the optimal synthesis conditions for the

FHMD with the least crystalline degree and the highest surface area were found to be as

the follows: 100 mL of 0.5M FeCl2 solution, 6M NaOH solution and the drying

temperature of 50 ºC.

Phosphorus adsorption behavior and adsorption mechanism of FHMD were investigated

in the research. The Langmuir model best described the P adsorption data for FHMD.

Because of increased surface area and surface charge, the maximum adsorption capacity

of FHMD at pH 4 and pH 8.5 was increased from 10.2 mg P/g and 1.7 mg P/g of raw

diatomite to 37.3 mg P/g and 13.6 mg P/g, respectively. Phosphorus showed the best

affinity of adsorption onto FHMD among common anions. K-edge P XANES spectra

demonstrate that P is not precipitated with Fe (III) of FHMD, but adsorbed on the

surface layer of FHMD.

Phosphorus removal from lake water and limiting phosphorus release from sediment by

FHMD was examined. Phosphorus removal from lake water proceeded primarily

through P adsorption onto the surface of FHMD. When a dose of FHMD of 250 mg/L

was applied to lake water, a total phosphorus (TP) removal efficiency of 88% was

achieved and a residual TP concentration was 17.0 µg/L which falls within the

oligotrophic TP range (3.0-17.7 µg/L). FHMD settled down to the bottom of the 43 cm

high cylinder within 6 hours, which suggested that retention time of FHMD in the 5.5 m

of Jackfish lake water column was close to the equilibrium time of P adsorption onto

FHMD (72 hours). During the 30-day anoxic incubation period, TP concentrations in

lake water treated by 400, 500 and 600 mg/L of FHMD showed a slight decrease and

maximum TP concentrations remained at levels lower than 15 µg/L. The addition of

FHMD resulted in a marked increase in Fe-P fraction, a pronounced decrease in labile-P

and organic-P fractions, and stable Al-P, Ca-P and residual-P fractions. The effect of

FHMD on limiting P release was comparable with those of the combination of FHMD

and alum solutions with logarithmic ratios of Al to mobile P of 0.5 and 0.8. FHMD not
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only can effectively remove P from lake water but also keep a strong P-binding capacity

under anoxic conditions and competition for P with alum at high amounts.

The role of gypsum on stabilizing sediment and the optimum dose of gypsum were

investigated. The effectiveness of gypsum in stabilizing sediment was proved by the

fact that at the same agitation speed, turbidities and soluble reactive P (SRP)

concentrations of samples treated with gypsum were much lower than those of sample

without gypsum. The optimal thickness of the gypsum layer was found to be 0.8 cm.

Combined application of FHMD and gypsum to P control was investigated in the

research. It was found in the 30-day incubation of lake water and sediment treated by

FHMD and gypsum that no P release seemed to occur regardless of oxic or anoxic

conditions. In order to investigate the 120-day effects of FHMD and gypsum on the P

control under anoxic and agitation conditions a lab-scale artificial aquarium was

established in an environmental chamber. Daily oscillation of a metal grid did not yield

the sediment resuspension due to the gypsum stabilization. The combined application

of FHMD and gypsum resulted in a 1 g/L increase in the SO4
2- concentration in the 120-

day aquarium compared with that in the control aquarium; however it did not affect the

total kjeldahl nitrogen (TKN) concentrations in both the control aquarium and the 120-

day aquarium. The addition of FHMD and gypsum enhanced total alkalinity in the 120-

day aquarium, thereby improving buffering capacity of lake water. Under anoxic

conditions and sediment resuspension conditions, relative to a large increase in total P

(TP) concentrations in the control aquarium, TP concentrations in the 120-day aquarium

stayed relatively stable, fluctuating within the range of 9.1-13.3 µg/L. Relative to

control sediment, Fe-P was significantly enhanced during the 60-day incubation;

however, Fe-P did not appear to increase significantly in the second 60-day incubation.

Labile-P and organic-P decreased with sediment depths in both control aquarium and

test aquariums; however, Al-P, Ca-P and residue-P increased with sediment depth.

Lower Al-P is observed in treatment aquariums than in control sediment.



v

As an effective P adsorbent, FHMD showed a high adsorption capacity as well as a

significantly higher affinity for P than other anions. A combined application of FHMD

and gypsum effectively reduced sediment resuspension and maintained TP levels within

the oligotrophic range under anoxic conditions in the laboratory-scale artificial

aquarium.
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Chapter 1 – Introduction

1.1 Background

Eutrophication is a process by which excessive addition of inorganic nutrients and

organic matter to a lake leads to an increase in biological production. Blooms of large

colony-forming cyanobacteria often dominate the plankton population in eutrophic lakes

with characteristics such as limited shading, poor circulation, high nutrient loading, and

low abundance of macrophytes and some zooplankton (Hart et al. 2003).

Cyanobacterial blooms are a serious environmental problem because they can produce

natural poisons, kill other aquatic species, make people and animals sick, impair the

drinking water supply, and make recreational areas unpleasant (Thomann and Mueller

1987).

Phosphorus (P) is a major limiting nutrient for the growth of phytoplankton including

cyanobacteria (Ring and Rast 1989). The composition of organic matter in the

phytoplankton is approximated by C106H263O110N16P1 (Wang et al. 2003). The carbon

(C), hydrogen (H), and oxygen (O) are abundant and readily available, but nitrogen (N)

and phosphorus (P) are generally limited in the environment (Scarlatos 1997). In most

temperate lakes, phosphorus controls the process of eutrophication (Thomann and

Mueller 1987). High P concentrations yield cloudy lakes and oxygen may be severely

depleted or eliminated from the deep, cold hypolimnetic water in the summer months.

Maintaining the P content of lakes at low levels can limit cyanobacterial blooms and

control eutrophication.

Fundamentally, the P content of lakes can be controlled by reducing the mass flow of P

from the drainage basin (Ring and Rast 1989). The isolation of lakes from external P
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sources can result in a gradual decrease of in-lake P levels (Ring and Rast 1989).

However, even in cases where measures to control external P sources have been

successful, recovery of eutrophic lakes may still be delayed by high P concentrations in

the lake waters and the continuous release of P from sediments (Hansen et al. 2003;

Salonen and Varjo 2000). Moreover, the low P input necessary for recovery often

cannot be achieved due to the high costs involved to reduce point sources and non-point

sources of P. Under these circumstances, in-lake P control methods provide a

possibility for eutrophication control (Ryding and Rast 1989). In-lake P control

involves the removal of P from the water column and the inhibition of P release from

lake sediments.

Precipitation of phosphorus with aluminium and ferric salts can effectively remove P

from the water column and limit P release from lake sediments (Cooke et al. 2005).

However, aluminium and ferric salts can be ecologically harmful to the aquatic species

in lakes (Hullebusch et al. 2002). Thus, finding a material which is not only effective in

removing P and limiting P release from sediment but is also ecologically safe and cost

effective is the key for successful application of an in-lake P control process.

In the research, a novel, ecological safe and cost effective material, ferrihydrite-

modified diatomite (FHMD) is developed to control eutrophication through removing P

from lake water and limiting P release from sediment.

1.2 Research Objectives

The objectives of this research were:

 To develop an effective and ecologically safe material, specifically a

ferrihydrite-modified diatomite (FHMD), to remove phosphorus from lake water

and limit phosphorus release from sediments.



3

 To determine the optimum formation conditions for ferrihydrite-modified

diatomite by using X-ray absorption near-edge structure spectroscopy (XANES).

 To study the phosphorus adsorption behaviour and phosphorus adsorption

mechanism of ferrihydrite-modified diatomite.

 To investigate in batch scale the ability of (1) ferrihydrite-modified diatomite to

bind phosphorus under anoxic conditions, and (2) the combined application of

ferrihydrite-modified diatomite and gypsum to limit phosphorus release and

inhibit sediment resuspension.

 To evaluate the short term (120 days) effects of the combined application of

ferrihydrite-modified diatomite and gypsum on phosphorus removal from water

and limiting phosphorus release from sediment in a laboratory-scale artificial

aquarium.

1.3 Scope of Research

The scope of this research was limited as follows. Mechanisms of P removal from the

water column and inactivation of P within lake sediments by ferrihydrite-modified

diatomite (FHMD) and limiting sediment resuspension with gypsum were qualitatively

investigated. In situ applications of FHMD and gypsum, such as enclosure experiments

and whole-lake experiments, were not included.

An evaluation of the effectiveness of P removal and sediment sealing in a laboratory-

scale artificial aquarium were conducted. To avoid the influence of changes in

environmental conditions on growth of algae and aquatic plants, the ambient

temperature and daily light period were held constant. Additionally, the aquariums had

no inflow, and thus simulate environmental conditions in a lake where external nutrient

sources have been eliminated.
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A novel P adsorbent, FHMD, was developed and characterized. A new method to

integrate P coprecipitation with biological diatom P uptake was used for removal of P

from lake water. A new combination of FHMD and gypsum was employed to inactivate

P in sediments and limit sediment resuspension.

1.4 Organization of Thesis

Chapter 2 presents a literature review of lake eutrophication and current eutrophication

control processes, as well as chemical characteristics of phosphorus, diatomite,

ferrihydrite, and gypsum. This chapter also provides insight into phosphorus adsorption

behaviour and adsorption mechanisms, and briefly describes X-ray absorption near-edge

structure (XANES) spectroscopy.

Chapter 3 presents the conceptual development of FHMD, including a theoretical

formation mechanism.

Chapter 4 presents a detailed description of the preparation of FHMD and reference

materials, experiments, and analytical methods used to fulfill the research objectives.

Chapter 5 presents and discusses the results of the experiments. The results principally

include development and characterization of FHMD as an effective P adsorbent,

optimized synthesis conditions for FHMD, the P adsorption behaviour of FHMD, P

removal from lake water by FHMD, inactivation of P within sediments by FHMD,

reduced sediment suspension by gypsum, and combined applications of FHMD and

gypsum in a laboratory-scale artificial aquarium.

Chapter 6 presents conclusions derived from this study and some recommendations for

future work.
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Chapter 2 - Literature Review

2.1 Lakes

2.1.1 Lakes and Reservoirs

A lake is a natural body of water (usually freshwater) of considerable size contained

within a land mass. In contrast, a reservoir is a man-made waterbody (even though

many reservoirs are called lakes) (Ryding and Rast 1989). Reservoirs are usually

formed by the construction of a dam across a river or stream, resulting in impoundment

of the water behind the dam structure (Cooke et al. 2005). Reservoirs generally have

larger drainage basins, surface areas, and drainage basin to surface area ratios than lakes

(Wetzel 2001). The mean and maximum depths of reservoirs are usually greater than

lakes (Ryding and Rast 1989). Reservoirs also have greater areal water loads (water

flow through unit area of a lake) and shorter hydraulic residence times (Ryding and Rast

1989). With regard to developing an effective eutrophication control program, these

differences are insignificant (Cooke et al. 1986). Lakes and reservoirs have many

similarities in terms of basic biological and some physical processes. Thus, it is

expected that aspects of the eutrophication process will be fundamentally the same in

these two types of water bodies and that some basic understandings gained in one water

body can be transferred to the other (Ryding and Rast 1989).

2.1.2 Deep and Shallow Lakes

In temperate regions, many deep lakes (mean depth > 10 m) exhibit thermal

stratification (Horne and Goldman 1994). During summer months, the surface waters

are heated by solar radiation into an upper warm, less dense, well-mixed water layer

termed the epilimnion (Kalff 2002). Below the epilimnion is the metalimnion, a zone of

rapidly changing water temperature and density with depth, followed by the
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hypolimnion, a deep, colder, denser, and often dark bottom layer (Horne and Goldman

1994). The characteristics of the different stratification layers are shown in Figure 2.1.

Figure 2.1 Location and characteristics of the epilimnion, metalimnion, and

hypolimnion (from Cooke et al. 2005)

The hypolimnion typically has low dissolved oxygen content (Chang 1989). High

microbial respiratory activity and decomposition of organic matter consume dissolved

oxygen and create anoxic conditions. The anoxia in the hypolimnion results in intensive

phosphorus (P) release from anoxic sediments. When the lake or reservoir is thermally

stratified (summer/winter), the metalimnion acts as a barrier to the exchange of nutrients

between the hypolimnion and epilimnion (Wetzel 2001). Thus, P released from

sediments does not contribute greatly to primary production in the epilimnion. In

contrast, P delivered from external sources generally enters via the epilimnion and

stimulates primary production near the surface (Wetzel 2001).
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In autumn when less solar radiation reaches the water and greater heat losses occur at

night, convection and wind mixing begin to weaken the metalimnion (Kalff 2002). The

epilimnion increases in depth as the temperature decreases. Eventually, the difference

in temperature and density between the overlying water and that beneath diminishes to

the point that a strong wind can overcome the remaining resistance to mixing and the

lake undergoes fall overturn (Horne and Goldman 1994). In the winter, inverse

stratification occurs when water is colder than 3.94 ºC—the temperature at which water

reaches its maximum density—floats above a slightly warmer layer at depth (Horne and

Goldman 1994). In spring, when lakes become ice-free and surface waters begin to

warm, the water throughout the lake becomes of uniform temperature and density,

resulting in the spring overturns (Kalff 2002).

Shallow lakes (mean depth < 3 m) are more common than larger, deeper ones (Kalff

2002). Shallow lakes display a number of characteristics that set them apart from the

more often-studied deeper lakes. These include: (1) a low oxygen storage capacity

(Ruloy and Rusch 2004); (2) a lack of stable long-term thermal stratification mainly due

to frequent wind-driven advections (Cooke et al. 1986); (3) frequent mixing of the entire

water column and resuspension of unconsolidated sediments (Cooke et al. 1986); (4)

substantial internal loading of nutrients from the sediments affecting the entire water

column (Nürnberg 1984); and (5) less sensitivity to significant reduction in external

nutrient loading (Cooke et al. 2005). Due to these factors, many shallow lakes are

eutrophic. Calm, warm weather conditions can produce short-lasting thermal

stratification conditions that are easily disrupted by wind action. However, dissolved

oxygen (DO) in shallow lakes with low oxygen storage capacity may be rapidly

depleted by microbial activity during these short-term stratifications, and phosphorus (P)

in the sediment can be released into the overlying water. The subsequent breakdown of

stratification by wind action then circulates P to the upper water, thereby promoting

primary production (Cooke et al. 1986).
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2.1.3 Seasonal Succession of Diatom and Cyanobacteria

Deep lakes exhibit an annual minimum phytoplankton active biomass in the winter or

early spring as only a small amount of solar radiation reaches the water surface and is

further reduced by ice and snow cover (Wetzel 2001). In the spring, rising levels of

solar energy and water temperature allow increased rates of photosynthesis and

phytoplankton growth (Kalff 2002). Large diatoms are favoured under conditions of

spring weather and are the dominant phytoplankton species (Wetzel 2001). In late

spring and early summer, a combination of higher temperature and abundant food

supply allows the increased growth rate of herbivorous macrozooplankton that graze on

diatoms, bringing about a decline in the diatom population. Moreover, the onset of

stable thermal stratification brings about increased losses of large diatoms through

sedimentation and a reduction in diatom growth rate as silica (a key limiting

macronutrient for diatom growth) in the epilimnion becomes exhausted (Kalff 2002).

This period, when diatom sedimentation results in low nutrient concentrations and water

turbidity decreases, is known as the clear-water phase (Horne and Goldman 1994).

Cyanobacteria start their growth in the summer in response to the low nutrient

concentrations in the clear-water phase (Kalff 2002). Cyanobacteria are able to fix

nitrogen, and are dominant in lakes with disproportionately low nitrogen concentrations

(Kagalou et al. 2003). Filamentous cyanobacteria gain a competitive advantage through

luxury P uptake at the nutrient-rich sediment/water interface (Ruloy and Rusch 2004).

After luxury P uptake from sediment reserves, filamentous cyanobacteria migrate to the

lake surface to photosynthesize (Ruloy and Rusch 2004). Zooplankton are unable to

consume cyanobacteria due to the tiny size and toxicity of cyanobacteria. Thus, due to

low losses to predators and a high growth rate, the summer months are accompanied by

a shift in the dominant species from diatoms to cyanobacteria (Kagalou et al. 2003). In

the autumn, diatoms become dominant in deep lakes because they are favoured under

conditions of fall weather and fall overturn. In some eutrophic lakes, cyanobacteria can

remain dominant in the autumn (Cooke et al 2005).
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2.2 Eutrophication

All lakes and reservoirs have a finite life span, and eventually will be filled with

sediment and replaced by swamp, meadow, and forests (Harper 1992). This progression

normally takes thousands of years, depending on the initial conditions of the area.

However, humans, through their various activities, have greatly accelerated this process

in thousands of lakes around the globe (Peters and Meybeck 2000). Lake eutrophication

is therefore both a natural and culturally-based phenomenon.

2.2.1 Natural Eutrophication

Natural eutrophication is the process by which lakes and reservoirs gradually age and

become more productive (i.e., more production of biomass). Succession of natural

eutrophication is a term used to describe the change as lakes age from young

(oligotrophic) to middle aged (mesotrophic) to old (eutrophic). As shown in Table 2.1,

oligotrophic lakes typically have low levels of nutrients and correspondingly low levels

of biological activity; eutrophic lakes have high levels of nutrients and correspondingly

high levels of biological activity (Wetzel 2001). The natural time scale for the aging of

a lake from oligotrophic to eutrophic is on the order of thousands of years. Natural

eutrophication is a slow, largely irreversible process associated with the gradual

accumulation of organic matter and sediments in lake basins.

2.2.2 Cultural Eutrophication

Cultural eutrophication is the process that accelerates the natural eutrophication due to

human activities. Approximately 3% of the land on the earth is currently covered with

human dwellings and commercial structures (Peters and Meybeck 2000). Human

settlement, associated land clearing, and the development of farms and cities often

change the natural eutrophication process in a dramatic way (Ryding and Rast 1989).

Human activities directly influence the eutrophication process by altering the physical,

chemical, and biological characteristics of lakes (Peters and Meybeck 2000). Human

activities such as urbanization, transportation, irrigated farming, deforestation and
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forestation, land drainage, channelization and damming, and mining change the physical

characteristics of lakes by modifying the materials with which the water interacts.

Chemical alterations associated with human activity occur mainly through the addition

of wastes, especially nutrients (primarily phosphorus, nitrogen, and carbon) and other

substances to the lake (Peters and Meybeck 2000). Excessive input of nutrients to lakes

can result from discharge of effluent as well as runoff and leaching from agricultural

land use within the lake’s catchment (Peters and Meybeck 2000). The trophic state of a

lake is largely determined by the amount of nutrients entering from the catchment.

Biological alterations associated with human activity include forest management,

agriculture, and the import of exotic species.

Thus, cultural eutrophication is an often rapid, possibly reversible process of nutrient

enrichment and high biomass production stimulated by human activities causing nutrient

transport to lakes (Cooke et al. 2005). Eutrophication or hypereutrophication often

causes an increase in the occurrence of cyanobacteria blooms, reduced abundance of

submerged macrophytes, the dominance of plankti-benthivorous fish (i.e, perch), and

low water clarity (Anderson et al. 2005). Cyanobacteria blooms are a serious

environmental problem because they produce natural poisons, can kill other aquatic

species, can make people and animals sick, impair the drinking water supply and make

recreational areas unpleasant (Thomann and Mueller 1987).

2.2.3 Trophic States

The trophic classification of lakes results from the division of a trophic continuum into a

series of categories called trophic states (Wetzel 2001). The principal trophic states are

oligotrophy, mesotrophy, and eutrophy (Wetzel 2001). Oligotrophic lakes are typically

deep with relatively high levels of dissolved oxygen throughout the year, bottom

sediments that typically contain small amounts of organic matter, good water quality,

and moderately productive and diverse aquatic populations. Mesotrophic lakes are

characterized by intermediate levels of biological productivity and diversity, slightly

reduced dissolved oxygen levels, and water quality that is generally adequate to support
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designated uses. Lakes classified as eutrophic typically exhibit high levels of organic

matter, both suspended in the water column and in the upper portions of sediments.

Biological productivity is high, often indicated by seasonal algae blooms and excessive

plant growth (Wetzel 2001). Dissolved oxygen concentrations are low, and may reach

extreme levels during critical periods. In addition, water quality is often so poor that

specific uses are restricted. The trophic state of some highly polluted lakes has been

termed “hypereutrophic” (Barica and Mur 1980). Table 2.1 illustrates typical water

quality parameters of the three major trophic designations.

Table 2.1 General trophic classification of lakes and reservoirs in relation to typical

water quality parameters (adapted from Wetzel 2001)

Parameter Oligotrophic Mesotrophic Eutrophic Hypereutrophic

Total phosphorus (µg/L)

Mean 8.0 26.7 84.4 -

Range 3.0-17.7 10.9-95.6 16-386 750-1200

Total nitrogen (µg/L)

Mean 661 753 1875 -

Range 307-1630 361-1387 393-6100 -

Chlorophyll a (µg/L)

Mean 1.7 4.7 14.3 -

Range 0.3-4.5 3-11 3-78 100-150

Secchi transparency depth (m)

Mean 9.9 4.2 2.45 -

Range 5.4-28.3 1.5-8.1 0.8-7.0 0.4-0.5

Given that trophic state is primarily a description of the biological condition of a lake,

eutrophication can be described as the transition from oligotrophy to eutrophy (Wetzel
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2001). The reverse process is termed oligotrophication, i.e., the process of a lake

moving in the alternate direction towards oligotrophy. In lake management practices,

oligotrophication can be achieved by a reduction in nutrient loading (Van Der Molen et

al. 1998). However, a hysteresis effect may be observed during the process of

oligotrophication because several buffer mechanisms (i.e., increase in total

phytoplankton biomass and complex response of species composition) protect eutrophic

lakes against perturbation (Van Der Molen et al. 1998; Anderson et al. 2005).

2.3 Control of phosphorus

As mentioned above, some lake restoration/management practices demonstrate that

oligotrophication can be achieved by nutrient control. As phosphorus is a macronutrient

for phytoplankton growth, phosphorus control has been widely studied for purposes of

lake restoration.

2.3.1 Limiting Nutrients

The composition of organic matter in phytoplankton is approximately

C106H263O110N16P1. The organic matter is principally formed through the process of

photosynthesis, which can be represented by (Wang 2003):

Although carbon (C), hydrogen (H) and oxygen (O) are abundant, nitrogen (N) and

phosphorus (P) are limited in the environment. As a result, low amounts of either N or

P can restrict algal growth (Scarlatos 1997). Smith (1979) reports that an N:P mass ratio

greater than 21 indicates P is the limiting nutrient, whereas N may become the limiting

nutrient at ratios less than 13. Phosphorus acts as the limiting nutrient in most temperate

lakes, controlling the growth of phytoplankton and the process of eutrophication

(Thomann and Mueller 1987).

HPO4
2- + 106CO2 +16NO3

- + 122H2O + 18H+

+ (trace elements, energy) =C106H263O110N16P1+138O2 [2.1]
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2.3.2 Fundamental Information on Phosphorus

Phosphorus (P), the 15th element on the periodic table with an atomic weight of 30.974,

is an essential nutrient for all life forms (Griffith 1973). Phosphorus is a constituent of

deoxyribonucleic acid (DNA), ribonucleic acid (RNA), adenosine diphosphate (ADP),

and adenosine triphosphate (ATP) (Corbridge 1985). This element is widely distributed

in both soluble and particulate forms in all living cells, lakes, rivers, oceans, soils, and

rocks (Horne and Goldman 1994). Soluble P includes inorganic P (generally in the

soluble orthophosphate form), organic P excreted by organisms, and colloidal

macromolecular P. Particulate phosphorus commonly includes living and dead cells, P

precipitates, and P adsorbed onto particles.

2.3.3 Different Phosphorus Forms in Lake Water

The main source of phosphorus to lakes is soil erosion (Horne and Goldman 1994).

Most phosphorus in soil is in particulate form as phosphorus reacts easily with metal

ions to form relatively insoluble minerals such as calcium (Ca), iron (Fe), and

aluminium (Al) phosphates. Total phosphorus in lake water consists of two principal

components: total dissolved phosphorus (TDP) and total particulate phosphorus (TPP)

(Thomann and Mueller 1987). The dissolved form is composed of dissolved inorganic

phosphorus (DIP or orthophosphate) and complex dissolved organic phosphorus (DOP)

(Björkman and Karl 2003). Orthophosphate (H2PO4
-, HPO4

2-, and PO4
3-) seems to be

the only directly available P source for algae and bacteria (Bostrom et al. 1988). Small

molecular weight DOP such as phosphomonoesters can be hydrolyzed into

orthophosphate by phosphatase in the presence of carbon sources such as acetate. Large

molecular weight DOP can be photolyzed into orthophosphate through ultraviolet

radiation (Hullebusch et al. 2002). The particulate form consists of inorganic

phosphorus particulates that originate from soil runoff, and organic phosphorus

particulates that include phosphorus components from phytoplankton and detritus

(Thomann and Mueller 1987). Particulate phosphorus is not directly available for the

growth of algae and bacteria (Matsunaga et al. 1998).
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2.3.4 Different Phosphorus Fractions in Sediments

Relatively insoluble aluminium-, iron-, and calcium-bound phosphates formed in the

water column sink to the bottom (Griffith et al. 1973). Phosphorus in the sediment can

be divided into a number of different fractions such as labile P, Fe-P, Al-P, organic-P,

Ca-P, and residue-P (Rydin and Welch 1998). Labile P is loosely sorbed P, mainly

soluble reactive phosphorus (SRP) in porewater. Fe-P, a potentially mobile P similar to

P which is adsorbed to iron and manganese, is sensitive to low redox potentials. Al-P is

relatively inert and is not redox sensitive. Organic-P includes bacteria-incorporated P.

Ca-P is a stable fraction of sedimentary P. Residue-P consists mainly of inert inorganic

P fractions as well as refractory organic P. These fractions do not correspond exactly to

chemically defined compounds but are characterized by elution medium and conditions

of sequential P extraction. Organic-P is often liberated by strong acid or alkaline

solutions in sedimentary P extraction (Petterson et al. 1988).

2.3.5 Optimum Phosphorus Concentrations for Algal Growth

P is a required macronutrient for algal growth, and the growth of algae depends on the

amount of available P and the rate at which it is cycled. The critical concentration of P

(CCP) is the concentration required for maximum growth under the prevailing growth

conditions (Griffith 1973). Freshwater algae are primarily divided into three categories

according to the CCP and their tolerance limits (Wetzel 2001). Species in the first

category (e.g., chlorophyte) have both a CCP and upper tolerance limit below 20 µgP/L.

Species in the second category (e.g., diatoms) have a CCP below 20 µgP/L but a

tolerance limit well above that level. Asterionella formosa is a diatom that reaches

maximum cell density at a P concentration as low as 1 µgP/L. Species in the third

category (e.g. cyanobacteria) have both the CCP and the upper tolerance limit above 20

µgP/L. Oscillatoria rubescens, a cyanobacterium, does not reach its maximum cell

density until P concentrations are about 3000 µgP/L.

Optimum algal growth is obtained through P uptake and even P luxury uptake. Any

amount of P absorbed by algae cells above the CCP implies storage of unused nutrient;
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this excess is designated as luxury uptake P (LUP) (Cooke et al 1986). Excess P can be

accumulated in algal cells and used for growth when external P becomes scarce.

Filamentous cyanobacteria absorb excess P at P-enriched upper sediment layers and

then dominate the phytoplankton community in P limited lakes (Cooke et al 1986).

However, P uptake by diatoms can be dominant at high Si:P ratios in the phytoplankton

community (Wetzel 2001).

2.3.6 Phosphorus Sources for Lakes

Many sources inside or outside of the lake can contribute phosphorus to the waterbody.

Potential external phosphorus sources include point sources such as industrial and

domestic discharge and nonpoint sources such as stormwater runoff and tributary

inflow. Characteristically, point sources are comprised primarily of dissolved

phosphorus, discharge in roughly equal daily amounts, and are measured easily

(Jeunesse et al. 2002). Nonpoint sources typically are comprised primarily of

particulate phosphorus, are associated with runoff events, are relatively difficult to

quantify, and vary from year to year (Jeunesse et al., 2002). Only 5 to 10 percent of P

from external P sources is carried to lakes in the dissolved form; the rest is transported

as particles (Horne and Goldman 1994). External P loading may leave a legacy of

stored P in lake sediment (Cooke et al. 2005).

Important internal sources include phosphorus release from sediments, aquatic plants,

and algae into the water column. Generally, when the lake is stratified and the

sediments become anoxic, a substantial amount of P is released into the water column

from the sediments (Hart et al. 2003).

2.3.7 Phosphorus Control

Reducing external phosphorus loading is a commonly accepted measure for effective,

long-term lake eutrophication control. Diversion, total elimination of the anthropogenic

source, and/or advanced wastewater treatment normally removes ~90% or more P from
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wastewater, have been commonly employed to limit external P loading. Such external

restoration measures result in an immediate decrease of in-lake P levels (Ruloy and

Rusch, 2004). However, they cannot significantly lower internal phosphorus loading

(amount of P diffusing across the sediment-water interface) (Wadpersdolf et al. 2004).

Recent studies indicate internal P loading from sediments is substantial. In some cases,

internal P loading contributes to P in the overlying water at levels higher than external

sources (Ruban and Demare 1998). In Lake Vedsted (Denmark), internal P loading was

found to be more than four times greater than the external P loading (Hansen et al.

2003). Thus, even in cases where measures to control the external P loading have been

successful, recovery of eutrophic lakes may still be delayed by continuous P release

from sediments.

The lake water phosphorus concentration also plays a role in the delay in the recovery of

eutrophic lakes. The P contribution from internal loading to the epilimnion in deep

lakes during the summer can be low; despite nutrients accumulating in the hypolimnion

during anoxia, the metalimnion can effectively isolate much of the sediment area from

the epilimnion (Kalff 2002). High P concentration and adequate solar irradiation of the

epilimnion in deep eutrophic lakes can support and accelerate a high rate of primary

production. Sedimentation of epilimnion phytoplankton forms a fresh sediment layer.

Thus, new P releases can result from the uppermost fresh sediment layer even when

internal P control is employed.

Therefore, after external phosphorus loading has been minimized, accelerating the

recovery of eutrophic lakes requires an in-lake treatment to remove P from the water

column and limit P release from sediments.
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2.4 In-Lake Treatment

2.4.1 Phosphorus Removal from Lake Water

Four methods are commonly used to remove P from the water column of lakes: (1)

dilution and flushing; (2) hypolimnetic withdrawal; (3) chemical precipitation; and (4)

phosphorus coprecipitation (Cooke et al 2005).

Dilution and flushing: This method involves the transport of additional water (usually

of low nutrient content) to a lake, which effectively reduces the P concentration and

increases the water exchange rate (Cooke et al. 2005). Dilution and flushing can reduce

the P concentration, result in destratification, and increase the rate of loss of planktonic

algae from the lake by increasing the water exchange rate. Some drawbacks of the

method are the need for large quantities of low nutrient content water, high flushing

rates, great cost, and necessity for repeated applications (Ryding and Rast 1989). For

example, algal blooms in Moses Lake, Washington, returned due to a lack of continuous

dilution and flushing (Welch and Patmont 1980).

Hypolimnetic withdrawal: This method involves changing the depth at which water

leaves the lake from the surface (low-nutrient) to near the maximum depth (nutrient

rich) (Cooke et al. 2005). As a result of the withdrawal of the nutrient-rich water, P

content in the water column is decreased, residence time of the hypolimnion is

shortened, anoxic sediment conditions are less likely to develop, and the availability of

nutrients to the epilimnion is lessened. However, effects of this technology have only

been demonstrated in deep lakes with a residence time of 2-5 years (Ryding and Rast

1989). Importantly, this method can be unsafe due to the release of high content H2S

that is produced in the anoxic hypolimnion (Klapper 2003). Also, the released

hypolimnetic water is often cold, which can adversely affect the fishery.

Chemical precipitation: This method involves direct addition of phosphorus-

precipitating chemicals such as iron or aluminium salts to a deep lake (Ryding and Rast
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1989). The purpose of this method is to decrease the P content to the growth-limiting

level by removing P from the water column (P precipitation) and by limiting P release

from sediments (P inactivation) (Cooke et al. 1986). However, this method is only a

temporary solution to eutrophication and the chemicals added are potentially toxic to

lake biota. Increased soluble Al3+ or Al(OH)2
+ ions are toxic to fish and other aquatic

organisms in lake water with pH values below 5.5, and soluble toxic Al(OH)4
- ions are

produced in lake water with pH levels above 8. Also, Hullebusch et al. (2002) state that

the aluminium entering the lakes is mainly in colloidal form and toxic to lake biota. The

buffering capacity of lake water would be exhausted in a short time after using Fe(III)

compounds (Deppe and Benndorf 2002).

Phosphorus coprecipitation: This method involves P adsorption onto the surface of a

coprecipitant, followed by a slow incorporation of phosphate into the crystal structure of

the coprecipitant effectively scavenging P from the water column (Hart et al. 2003).

Since the 1970s, this method has been widely studied because of its ecological

significance in the control of eutrophication (Hartley et al. 1997). Previous studies

demonstrate a number of coprecipitants are ineffective for P removal. Higgins et al.

(1976) found that fly ash had little effect on P removal and that gypsum was not

effective in P removal when pH values were less than 10. Wadpersdolf et al. (2004)

described that calcite-rich lake marl, a natural deposit in hardwater lakes, was not a

suitable material for P coprecipitation because it had no significant sorption of P. They

also reported that if the amount of lime added to lake water was greater than 100 mg/L,

pH levels would increase rapidly to more than 10, consequently causing increased

mortality in pH-sensitive aquatic flora and fauna. Although a considerable amount of

research on P coprecipitation by calcite (CaCO3) seeded crystal growth has been

conducted (Hart et al. 2003; Hartley et al. 1997), Dittrich et al. (1997) found the

precipitated calcite crystals partially dissolved in the hypolimnion where waters are

under-saturated with respect to calcite.
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2.4.2 Limiting Phosphorus Release from Sediments

Common methods used to limit P release from sediments include: (1) hypolimnetic

oxygenation; (2) sediment removal; (3) sediment oxidation; and (4) sediment capping

and sealing (Cooke et al. 2005; Ryding and Rast. 1989).

Hypolimnetic oxygenation: This method involves introduction of oxygen into anoxic

hypolimnetic waters without destratifying the water column (Cooke et al., 2005). The

effectiveness of this method has not yet been demonstrated (Ryding and Rast 1989).

Gächter and Wehrli (1998) found that high P release rates were not reduced after 10

years of hypolimnetic oxygenation in Lake Baldegg and Lake Sempach, Switzerland.

Hypolimnetic oxygenation for five summer periods in deep Lake Vedsted, Denmark,

resulted in only a moderate improvement in water quality (Hansen et al. 2003). Gächter

and Müller (2003) and Hansen et al. (2003) found the main reason for failure of

hypolimnetic oxygenation in their experiments was a lack of reactive Fe in the

sediments to achieve a sufficient P binding capacity even under oxic conditions.

Sediment removal: This method involves dredging nutrient-rich sediments from the

lake bottom (Cooke et al. 2005). Major objectives of this method are deepening,

nutrient control, toxic substance removal, and rooted macrophyte control. Major

drawbacks of the method are liberation of nutrients and toxic substances, associated

expense, potentially adverse biological effects on biota, problems of sediment disposal,

and potential pollution to the overlying water column. Cooke et al. (2005) insist that in

most cases the side effects of this method are short term and negligible relative to the

long-term benefits. Ruley and Rusch (2004) described the restoration of City Park Lake

(Louisiana, USA) through dredging sediments in 1983; however, the P content during

the 1989-1990 and 2000-2001 period reached the same level observed during the pre-

treated years.

Sediment oxidation: This method involves injection of Ca(NO3)2 into the sediment to

achieve greater binding of P by ferric hydroxide complexes (Hansen et al., 2003;
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Ryding and Rast. 1989). Advantages of this method are that NO3
- can penetrate deeper

into sediment than O2 due to its higher solubility, and NO3
- can produce a larger pool of

oxidized Fe than O2 (Hansen et al. 2003). However, this method has some drawbacks.

The addition of NO3
- may accelerate eutrophication and promote growth of Fe-reducing

bacteria; the Fe-reducing bacteria can result in accelerated decomposition of Fe-P once

NO3
- is depleted (Hansen et al. 2003).

Sediment capping and sealing: This method involves physically covering or

chemically sealing nutrient-rich sediments (Salonen and Varjo 2000). Sediment capping

involves placing a layer of material over sediments to isolate them from the water

column (Sharma and Reddy 2004). Materials such as sand, clay, gravel, silt, and fly ash

have been tested and used in the sediment capping (Dunst et al. 1974; Cooke 1980;

Cooke et al. 2005; Baker et al. 1993). Sediment capping physically isolates

contaminants and stabilizes sediments (Sharma and Reddy 2004). However, this

method may accelerate lake aging by decreasing the lake volume; the long-term

performance of sediment capping is also unknown (Cooke et al., 2005; Sharma and

Reddy 2004).

Sediment sealing involves chemically treating nutrients in sediments to render them

immobile; this is also defined as P inactivation (Cooke et al. 2005; Sharma and Reddy

2004). Materials such as calcite, lime, and alum and ferric salts have been tested and

used to seal sediments (Berg et al. 2004; Hart et al. 2003; Zhang and Prepas 1996;

Welch et al. 1982).

Hart et al. (2003) evaluated three calcite barrier materials—limestone, ESCal, and

SoCal—for Lake Carramar (Australia) sediments and found the determinative

mechanism of sealing sediment by calcite was P adsorption. Hart et al. did not evaluate

the long-term effects of sealing sediment by calcite as the duration of their experiment

was only 60 days. Furthermore, they did not consider in their experiments that the

acidification of anoxic hypolimnion waters could lead to partial dissolution of calcite.
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Zhang and Prepas (1996) used lime to limit P release from sediments; P release from

sediments was observed in all three experimental lakes only after 10 days. Moreover, a

rapid increase in pH values occurred when the dosage of lime was greater than 100

mg/L. A rapid increase in pH values can lead to mortality in pH-sensitive aquatic flora

and fauna.

2.5 Diatomite

In addition to the common in-lake P treatment methods, Krivstov et al. (2000) proposed

a new approach to lower P content and control cyanobacterial blooms. If the spring

diatom bloom is promoted by artificial addition of Si, more P will be assimilated by the

readily settlable diatoms. Sedimentation of diatoms removes P from the lake water

column and thus reduces the magnitude of cyanobacteria blooms in the summer.

However, Krivstov et al. (2000) did not specify which Si sources are suitable for this

approach. The study described in this thesis follows the method proposed by Krivstov

et al. (2000) and uses diatomite as an external Si source for stimulating diatom growth.

Diatomite is a very fine-grained siliceous sedimentary rock made from the accumulation

and compaction of diatoms (Goren et al. 2002). Diatomite is regarded as a mineral of

organic Si origin, where the silica from diatomite skeletons resembles opal or hydrous

silica (SiO2·nH2O) (Khraisheh et al. 2005). Diatomite is available in large deposits

around the world. The typical chemical composition of diatomite is 86% silica (Si), 5%

sodium (Na), 3% magnesium (Mg), and 2% iron (Fe). Diatomite is mainly composed of

diatom shells and may contain other sediments such as clay and quartz (Goren et al.

2002; Chaisena and Rangsriwatananon 2005). The compaction of many small hollow

diatom frustules with varied surface structure results in high porosity (80-85% voids)

(Göll et al. 1989). These voids form billions of microscopically fine interstices in which

suspended particles can be trapped (Kogel et al. 2006). Due mainly to its high porosity,

high permeability, low thermal conductivity, chemical inertness, and low cost, diatomite

can be used in a number of industrial applications: as filtration media for various

beverages; as an adsorbent for oil spills; as a mild abrasive; and as a mechanical

insecticide.
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2.6 Ferrihydrite

Not only can Si sources stimulate diatom growth, recent studies show the spring diatom

bloom can be further promoted by iron enrichment in high-silicate conditions (Takeda

1998; Boyle 1998).

Principal forms of ferric (Fe(III)) oxide in nature are, in order of increasing crystallinity:

ferrihydrite, maghemite (γ-Fe2O3), lepidocrocite (γ-FeOOH), hematite (α-Fe2O3), and

goethite (α-FeOOH). As the structure of ferrihydrite is still the subject of controversy,

several formulas for ferrihydrite have been proposed including Fe2O3.0.5H2O,

5Fe2O3.9H2O, Fe5HO8.4H2O, Fe2O3.2FeOOH.2.6H2O, and FeOOH.0.4H2O.

Ferrihydrite is a brown ferric oxide with the least crystallinity in nature. Due to its poor

crystallinity, ferrihydrites yield a variety of X-ray diffraction patterns, ranging from two

very broad resonances indicating very poorly crystalline material (defined as 2-line

ferrihydrite) to six broad but distinct resonances indicating a more highly crystalline

material (6-line ferrihydrite) (Gautier et al. 2006). A decrease in surface area is a

characteristic of the transformation from 2-line ferrihydrite to 6-line ferrihydrite

(Kukkadapu et al. 2003).

The high surface area of ferrihydrite of approximately 200-840 m2/g makes it an

important constituent for surface related processes such as adsorption (Weidler 1997;

Zhao et al. 1994). Ferrihydrite is the most effective P adsorbent among soil minerals

(Rhoton and Bigham 2005). However, ferrihydrite is recognized as a transient or

metastable phase which with time transforms to more crystalline phases such as

hematite and goethite (Rhoton and Bigham 2005; Glasauer et al. 2000). Under natural

conditions, surfaces of ferrihydrite are contaminated by compounds such as phosphate,

silicate, arsenate, and organic acids (Rhoton and Bigham 2005). These surface

impurities inhibit the transformation of ferrihydrite to more crystalline oxides.
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Ferrihydrite stabilized by impurities, especially Si-containing ferrihydrite, has been the

subject of considerable attention. Regarding the mechanism of the inhibition of

ferrihydrite transformation by Si, Parfitt et al. (1992) proposed a model in which silicate

bridges the surface of ferrihydrite domains, which aggregate to form primary particles.

The Si is coprecipitated into the ferrihydrite structure primarily through the Fe-O-Si

bonds (Vempati and Loeppert 1989; Glasauer et al. 2000). Dissolved Si exerts a strong

influence on the crystallinity of ferrihydrite (Ford et al. 2006). The degree of

crystallinity of ferrihydrite decreases with increasing Si content (Seehra et al. 2004).

2.7 Gypsum

As previously described, sediment capping and/or sealing has been the subject of recent

extensive study. Many of the materials tested resulted in a large decrease in lake

volume, thereby accelerating the lake aging process. As such, a more effective sealing

material is required to improve the success of in situ sediment capping technologies. In

this thesis, gypsum was selected for the purposes of physically capping and/or

chemically sealing sediment.

Gypsum is one of the most common minerals in sedimentary environments. It is a

major mineral produced in massive beds, usually precipitating from highly saline

waters. Gypsum is usually silky and fibrous, and can be anywhere from transparent to

opaque. Gypsum can range widely in size from very fine-grained to granular, with a

specific gravity from 2.31 to 2.33. Gypsum is predominantly composed of water-

containing calcium sulphate, and is represented by the chemical formula CaSO4.2H2O.

Gypsum is slightly soluble in water (13.78 × 10−3 mol/L at 25 °C and atmospheric

pressure). Gypsum dissolves over time due to the incongruent dissolution of gypsum, as

described by (Forti 1997):

OHHSOCaCOCOOHOHCaSO 2
2
432224 222.   [2.2]

Gypsum is non-toxic to humans and animals, and does not burn. It is also neutral, and

therefore does not significantly change the pH of lake water or sediment. The US is the
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world's leading producer of gypsum; other important producers are China, Iran,

Thailand and Spain.

When calcined (roasted) at temperatures of 120-250°C, gypsum releases 75% of its

water. When mixed with water, gypsum can be molded, shaped or spread, then dried or

set to form hard plaster. The principal use for gypsum is wallboard. Crude gypsum is

pulverized and heated to form stucco, which is mixed with water and aggregate (sand,

vermiculite or expanded perlite) and applied over wood, metal, or gypsum lath to form

interior wall finishes. Gypsum is also used as a filler in paint and paper manufacturing,

as a substitute for salt cake in glass manufacture, and as a soil conditioner.

2.8 Phosphorus Adsorption

As described above, the determinative mechanism of P coprecipitation and P

inactivation is P adsorption. Simulation of the adsorption process involves the study of

adsorption properties and equilibrium data (Mondal and Lalvani 2000).

2.8.1 Adsorption Isotherms

Adsorption properties and equilibrium data, commonly known as adsorption isotherms,

describe how adsorbates interact with adsorbent materials and are valuable for

optimizing adsorbent use. In the case of P, adsorption equilibrium is established when

the amount of adsorbed P is equal to the amount being desorbed from the adsorbent

material (Crini and Peindy 2006). The Langmuir, Freundlich, and Temkin isotherm

equations are most frequently used to represent adsorption from solution.

The widely used Langmuir isotherm has found successful application in many real

adsorption processes and is expressed as:

eL

eL
e

Ca

CK
Q




1
[2.3]

A linear form of this expression is:
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where eQ is the amount of adsorbed P in mg per gram of adsorbent, and eC is the

unadsorbed P concentration in solution at equilibrium. The constant LK is the

Langmuir equilibrium constant and LL aK gives the theoretical monolayer saturation

capacity, Q0. Therefore, a plot of ee QC versus eC gives a straight line of slope

LL Ka and intercept LK1 .

The well-known Freundlich isotherm is often used for heterogeneous surface energy

systems. The Freundlich equation is given as:

n
eFe CKQ /1 [2.5]

A linear form of this expression is:

)ln(
1

)ln()ln( eFe C
n

KQ  [2.6]

where FK is the Freundlich constant and n is the Freundlich exponent. KF and n can be

determined from the linear plot of )ln( eQ vs. )ln( eC .

The Temkin isotherm has been used in the following form:

)ln( ee AC
b

RT
Q  [2.7]

where R is the gas constant (8.31 J/mol K) and T is the absolute temperature.

A linear form of the Temkin isotherm can be expressed as:

)ln()ln( ee C
b

RT
A

b

RT
Q  [2.8]

where

B
b

RT
 [2.9]

A plot of Qe versus )ln( eC enables one to determine the constants A, B, and b.
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2.8.2 Characterization of Adsorbent Materials

Adsorption is the enrichment of one or more components in an interfacial layer, when an

adsorbate comes in contact with the surface of an adsorbent. The exact nature of the

adsorption depends on the characteristics of adsorbent materials. The relevant

characteristics of the adsorbent are surface area, pore volume, pore structure, surface

structure, surface charge, crystallinity, and electronic structure (Wachtman 1993).

Correspondingly, common technologies for the characterization of adsorbent materials

are the Brunauer, Emmett, and Teller (BET) method, scanning electron microscope

(SEM), transmission electron microscope (TEM), X-ray diffraction (XRD), surface

charge, and X-ray absorption near-edge structure (XANES) spectroscopy (Lynch 2003).

2.9 X-ray Absorption Near-Edge Structure (XANES) Spectroscopy

2.9.1 X-ray Absorption Spectroscopy (XAS) and Synchrotron Facility

X-ray absorption spectroscopy (XAS) is currently a widely used technique providing

information on the local structure and chemical environment of condensed matter and

gas-phase molecules. X-ray absorption occurs due to core electrons absorbing the X-ray

and then being excited and ejected from the atom as photoelectrons. X-ray absorption

spectra are obtained by tuning the photon electron energy in a range 0.1-100 keV where

bound electrons can be excited. XAS is usually applied at synchrotron radiation

facilities that can provide intense and tunable X-ray beams. A schematic of a

synchrotron radiation facility is shown in Figure 2.2. A synchrotron produces extremely

bright light by accelerating electrons to nearly the speed of light through a linear

accelerator (Figure 2.2). The electrons are accelerated repeatedly in the booster ring

until they are at a sufficient energy to be injected into the storage ring. In the storage

ring, the electrons orbit continuously for approximately 20 hours and give off

synchrotron radiation. Storage rings are essential facilities to create brilliant beamlines

in the wide spectral range essential for XAS measurements. XAS experiments are

conducted at an endstation using suitable beamlines, which consist of a sample holder

and a detection system (Figures 2.2 and 2.3).
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Figure 2.2 Synchrotron radiation facility schematic (Adapted from

www.lightsource.ca)
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Figure 2.3 A typical end station from a synchrotron radiation facility

2.9.2 X-ray Absorption Near-Edge Spectroscopy (XANES)

2.9.2.1 XANES and electronic transition

Applications of XAS have primarily involved structural determination by extended X-

ray absorption fine structure (EXAFS) and oxidation state characterization using

chemical shifts in the XANES region (Cramer et al. 1998). The shifts in energy of core

levels between free atoms and chemically bound atoms are called chemical shifts. X-ray

absorption near-edge structure (XANES) spectroscopy is the study of electronic

transition from atomic core levels to unoccupied molecular states (antibonding orbitals)

below and above the continuum levels in the absorbing atom (Varlot et al. 2001) (seen

in Figure 2.4). The XANES region extends over a range of about 100 eV, between the

edge region and the EXAFS region.

Sample Holder

Detection System
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Figure 2.4 Electronic transition from atomic core level 1s to unoccupied molecular

states

The atomic core levels are located near a nucleus and are not directly involved in the

formation of chemical bonds. In order of increasing energy, the atomic core levels in a

given atom are 1s < 2s < 2p < 3s < 3p < 3d < 4s (Sutton 1993) (Figure 2.5).
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Figure 2.5 Core level position of an isolated atom

The continuum levels are high-energy unbound states, weakly influenced by the

molecular field (Margeritondo 1988). An antibonding orbital is a form of molecular

orbital (MO) that is located outside the region of two distinct nuclei. The energy change

associated with this transition provides information on the structure of a molecule and

can be used to determine chemical, physical, and structural properties. Thus, XANES is

a powerful tool for chemical state analysis, by providing spectra features such as peak

shifts and changes of line shapes and intensities (Kawai et al. 2000). More importantly,

XANES spectroscopy has been currently used in the chemical and structure

characterization of disordered systems like amorphous materials (Franke and Hormes

1995).

2.9.2.2 K-edge and L-edge absorption

Promotion of a 1s electron is termed K-edge absorption (seen in Figurs 2.4, 2.5, and

2.6); and similarly, L-edge absorption involves 2s or 2p electrons (seen in Figure 2.6).

L-edge absorption is subdivided into L3 and L2 edges, which come from spin-orbit

splitting of the 2p hole into 2p3/2 and 2p1/2 final states, respectively. L1 edge absorption
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results from promotion of the 2s electron (Figure 2.6). The resulting 2p core hole from

the excited 2p electron means that the total spin angular momentum is no longer zero;

this causes coupling between the orbital and spin angular momentum to split the 2p level

into 2p3/2 and 2p1/2 levels. The spin is the angular momentum intrinsic to a body, which

is the motion of its center of mass about an external point. Spin-orbit coupling is any

interaction of a particle’s spin with its motion. Spin-orbit splitting involves the removal

of state degeneracy by spin-orbit coupling. K-edge and L-edge absorption is also

described in Figure 2.6.

Figure 2.6 K-edge and L-edge X-ray absorption

2.9.2.3 Dipole selection rule

The electronic transition is guided by the dipole selection rule, 1l (Behrens 1992).

The quantum number l can change by 1 during a dipole-allowed transition; dipole-

forbidden transitions occur at a low rate. Dipole-allowed transitions result in intense

features in XANES spectra, whereas dipole-forbidden transitions create weak features.

Table 2.2 describes the principal quantum number of core levels in an atom.
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Table 2.2 Principal quantum numbers of core levels in an atom, where n is

principal; l is azimuthmal, l = 0, 1, 2..., specifying s, p, d orbital, respectively.

Spin n l (Azimuthal quantum number)

1s 1 0

2s 2 0

2p 2 1

3s 3 0

3p 3 1

3d 3 2

For a K-edge, the excited 1s electron has no angular momentum (l=0), thus 1l and

the resulting photoelectron has l =1. The final state of the outgoing 1s electron therefore

has p symmetry. For an L3 edge or an L2 edge, the initial state electron is 2p with l =1

and the final state thus has either l =2 (d symmetry) or l =0 (s symmetry).

2.9.2.4 Detection methods

Direct measurement of a XANES spectrum involves recording the intensity both with

( I ) and without ( 0I ) a sample in place, and then deriving the absorbance ( )log( 0 II ) as

a function of X-ray photon energy (eV). This measurement procedure is described in

Figure 2.7.
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Figure 2.7 Direct measurement of the X-ray absorption spectrum

The most common detection methods of XANES are to either measure total electron

yield (TEY) or to measure fluorescence yield (FY) (Kawai et al. 2000). As the total

electron or fluorescence photon yield emitted from the sample is proportional to the

absorption coefficient, both techniques are equivalent to a transmission measurement

(Kasrai et al. 1996). Because the electron escape depth is short (<100 A), TEY is very

surface sensitive. The FY method is the dominant technique for hard X-ray

experiments. In the soft X-ray region, atoms relax after X-ray absorption primarily by

emission of an Auger electron. One can measure a signal related to the absorption cross

section by recording the Auger electron yield. The measurement of an absorption

spectrum is illustrated in Figure 2.8.
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Figure 2.8 Schematic illustration of different detection modes (adapted from Cramer

et al. 1998) (a) TEY mode; (b) FY mode; (c) Auger yield

The differences between TEY and FY modes are (Kawai et al. 2000):

(1) Probing depth difference. The FY method is bulk sensitive, and probes from the

surface as deep as the X-ray attenuation. However, the TEY method is surface

sensitive, as shallow as 0.5-10 nm from the surface.

(2) Self-absorption effect. The fluorescent X-ray photons omitted in the bulk are

absorbed during transit within the solid. This is called the self-absorption effect,

and smears the line shape of absorption spectra when the FY method is used.

(3) Decay channel difference. The emission of X-ray fluorescence should be from

an electric dipole transition. Thus, the fluorescent decay channel depends on the

orbital symmetry. On the other hand, the electrons detected by the TEY method

are the Auger electrons, secondary electrons, and photoelectrons.
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2.9.2.5 Data analysis

Data obtained from XANES experiments is processed to form XANES spectra

(Koningsberger and Prins 1998). The data processing is carried out by computer

programs. At first, individual sweeps and channels are averaged to form one set of data

to improve the intensity-to-noise ratio. The averaged spectra can be calibrated by

reference to standard compounds with known electronic structure. Averaged and

calibrated data is often called the “raw” data. The pre-edge region of the raw data is

fitted linearly and the so determined background is subtracted from the whole spectra.

The spectra obtained are normalized to compare the intensity of the absorption features

quantitatively through setting the absorption jump to 1. The intensities of absorption

features correspond to their area. These data are obtained by means of the least-square

fitting method (Figure 2.9).

Core level

Transitions to
bound state

Observed spectrum

Threshold, E0

Figure 2.9 Peak-fitting analysis of an X-ray absorption spectrum

2.9.2.6 Applications of XANES in the research

The XANES region is dominated by different and more complicated processes,

involving localized transition of the excited electron to unoccupied electron levels as

well as multiple scattering events. Calculation of XANES spectra are performed using

two approaches. One approach is the application of the multiple scattering (MS) theory,

which requires some structural information in advance. Although the MS method is

becoming increasingly elaborate, the tedious calculations are restricted to solids with an
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uncomplicated structure (Behrens 1992). Another approach utilizes the XANES

features as “fingerprints” and tries to reveal information by comparing XANES spectra

of the compound investigated with a series of reference samples. This approach may

yield important information even without detailed knowledge of the processes causing

the XANES features. In this thesis research, the fingerprint approach was used.

Important information can be obtained from so-called “shape resonances”, dominating

features in the XANES region that are related only to the nearest coordination

environment, i.e. to the shape of the first coordination sphere. The two most important

coordination types for inorganic compounds, i.e. tetrahedral and octahedral coordination,

can also be identified by characteristically shaped resonances.

XANES is a powerful tool for element-specific characterization of local structure and

chemistry (Bergmann et al. 2002). In this thesis research, Si, P, and Fe in diatomite

(SiO2), ferrihydrite (Fe2O3.0.5H2O), and phosphate were characterized by XANES. The

electronic configuration of Si, P, and Fe atoms are 1s22s22p63s23p2, 1s22s22p63s23p3, and

1s22s22p63s23p64s23d6, respectively (Sutton 1993).

The network structure of SiO2 is tetrahedral, where each positive Si ion is surrounded by

four oxygen atoms forming a SiO4 unit (Bianconi 1979). The local structure of SiO2 is

determined by the similarity of the shapes of the surface and the bulk spectra. The

strong similarity between the surface and the bulk spectra reveals that the oxide

monolayer is formed by SiO4 microscopic structure units. The Si-O bonds of the SiO4

units are the hybridization of O 2p and Si 3s or 3p orbitals, respectively, depending on

the energy loss. The Si K-edge XANES spectra reflect transitions from the Si 1s core

level to the unoccupied Si 3p-derived states. This transition is allowed by the dipole

selection rule, thereby forming a sharp main peak in the Si K-edge spectra of SiO2. Si

L-edge spectra of SiO2 have drawn more attention from researchers because they are

more complex and hence yield more information than their K-edge counterparts. Si L-

edge spectra have spin-orbit splittings, which are assigned to the 2p3/2, 1/2→a1
*



37

transitions. The a1
* is the molecular orbital with 3s characteristics. The distance of the

spin-orbit splittings is ~0.8-0.9 eV.

All of the Fe3+ in ferrihydrite is in an octahedral coordination (Stoylar et al. 2007),

where each positive Fe ion is surrounded by six oxygen atoms forming a FeO6 unit. The

3d states of Fe couple mainly with the oxygen 2p states to form the Fe-O hybridization

(deGroot 1993). Fe-O bonding, taking place in a distorted cubic crystalline surrounded

by oxygen atoms, causes the Fe 3d states to split into the t2g and eg manifolds

(Kendelewicz et al. 2000). For Fe3+ with an unfilled 3d level, L-edge spectra (2p X-ray

absorption) reveal electronic transitions from an initial state 2p63d5 to a 2p53d5+1 final

state (Kuiper et al. 1993).

Orthophosphates are composed of tetrahedral PO4-groups with metal cations (Me) in the

void spaces of the crystal structure. The ionic compounds with sum formulas Me3PO4

and Me3(PO4)2 as well as covalent phosphates MePO4 belong to these species, which are

formed through the hybridization of Me 3d, O 2p, and P 3p valence orbitals (Franke and

Hormes 1995). The P K-edge XANES spectra reflect transition from the P 1s core level

to the unoccupied P 3p-derived states. A main sharp peak in present in the P K-edge

spectra as this transition is allowed by the dipole selection rule. The P L-edge spectra

are characterized by spin-orbit splitting of the P 2p electrons and transition to the

antibonding orbitals (Li et al. 2007). Phosphate is usually adsorbed on surfaces of Ca-,

Fe-, or Al- minerals. Distinguishing adsorbed from Ca-, Fe-, or Al- minerals is possible

based on intensity and position of the white line (an intense resonance) energy as well as

the absence or presence of pre-edge features in the P K-edge XANES region

(Hesterberg et al. 1999).
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Chapter 3 – Conceptual Development of Ferrihydrite-Modified

Diatomite

Eutrophic lakes are typically characterized by shifts toward the dominance of

phytoplankton by cyanobacteria (Smith et al. 1999). Cyanobacteria blooms can cause

unsightly aesthetic and recreational interferences, foul odours, fish kills, and detrimental

water quality (Thomann and Mueller 1987). The restoration of eutrophic lakes should

fundamentally be managed by reducing the phosphorus (P) mass flow from the drainage

basin. In many cases, however, the low P mass flow thresholds necessary for recovery

cannot be effectively or efficiently achieved due to economic constraints in reducing P

point sources and/or to a high proportion of P non-point sources (Xiong and Peng

2008a). Under these circumstances, in-lake eutrophication control methods can support

or accelerate measures against eutrophication (Ryding and Rast 1989; Xiong and Peng

2008a). Among the large number of potential in-lake control measures (Cooke et al.

2005), P coprecipitation plays an important role. The selection and development of

appropriate coprecipitants are key for the successful application of a P coprecipitation

process. Materials such as lime, fly ash, alum, calcite, ferrous salts, and ferric salts have

been tested (Higgins et al. 1976; Deppe and Benndorf 2002; Xiong and Peng 2008a;

Sherwood and Qualls 2001; Hullebusch et al. 2002; Wadpersdolf et al. 2004).

In addition to the common in-lake P control methods, Krivstov et al. (2000) proposed a

new approach to lower P content and control cyanobacteria blooms. If spring diatom

blooms are promoted by the artificial addition of Si, more P will be assimilated by easily

settlable diatoms and removed from the lake water column, thereby reducing the

magnitude of nuisance cyanobacteria blooms in the summer. However, they did not

specify which Si sources are suitable for this approach. Moreover, the spring diatom



39

bloom can be further promoted by iron enrichment in high-silicate conditions (Takeda

1998; Boyle 1998).

In the research in this thesis, a new method to integrate P coprecipitation with biological

diatom P uptake is proposed to be capable of removing P with greater efficiency than

either P coprecipitation or diatom P uptake alone.

Diatomite is a siliceous sedimentary rock formed from the accumulation and

compaction of diatoms, and is available in large deposits around the world (Goren et al.

2002). The SiO2 content of diatomite usually ranges between 80 and 90%. The

solubility of SiO2 is 0.012 g per 100 g of water. When a lake is dosed with diatomite,

the diatomite can settle down to the sediment because the specific density of diatom

frustules is nearly twice that of water (Harwood 1999). Moreover, diatomite has been

approved as a food-grade material by the U.S. Food and Drug Administration (FDA).

Thus, diatomite can be safely used as an external Si source for stimulating diatom

growth. However, a low specific surface area (24.77 m2/g; Table 5.1; discussed in

Section 5.1.5) indicates that raw diatomite is not a suitable P coprecipitant although it is

a good source of Si. Therefore, a surface modification technique is required to increase

the surface area and improve the surface characteristics of the raw diatomite. The

resulting modified diatomite can then act as an effective P coprecipitant while also

providing an external Si source to stimulate diatom growth. Diatomite is amenable to

surface modification due to its high porosity (80-85%), caused by the compaction of

many small, hollow diatom frustules with various surface structures (Göll et al. 1989).

The high porosity allows diatomite to be an appropriate carrier for materials utilized for

its modification.

Several methods can be used to modify the surface characteristics of diatomite for

various purposes. When diatomite is purified in HCl (Goren et al. 2002) or calcinated

(Goren et al. 2002; Khraisheh et al. 2005), processes to make it more inert prior to use

as filter support, OH groups on the surface disappear and the surface area is reduced.
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Khraisheh et al. (2004) modified diatomite by NaOH treatment and manganese oxide

(MnO2) deposition to improve the adsorption capacity of the diatomite for removal of

heavy metals such as Pb2+, Cu2+, and Cd2+ from wastewater. Their modified diatomite

had a surface area of 80 m2/g and demonstrated adsorption capacities of 99.00 mg

Pb2+/g, 55.56 mg Cu2+/g, and 27.86 mg Cd2+/g. Khraisheh et al. (2004) concluded that

manganese oxide and its blockage of the diatomite pores played an important role in the

adsorption of the heavy metals.

Proper selection of metal oxides for deposition in diatomite is crucial to effectively

modify diatomite for P removal. Ferric oxide was chosen to block the diatomite pores

in this study because iron is environmentally safe and diatom growth can be stimulated

by iron enrichment in high-silicate conditions. Ferric oxide is present in nature in

several principal forms: ferrihydrite, maghemite, lepidocrocite, hematite, and goethite.

Ferrihydrite would be the ideal form of ferric oxide to modify diatomite due to its high

specific surface area, ability to adsorb P, relatively high dissolution in water, and

individual particle size. Ferrihydrite is the least crystalline iron (III) oxide. The

colloidal-size ferrihydrite has a high specific surface area (approximately 200-840

m2/g), which makes ferrihydrite an important constituent for surface-related processes,

such as adsorption (Weidler 1997). Ferrihydrite is the most effective adsorbent among

soil minerals for the retention of P from phosphate fertilizer (Rhoton and Bigham 2005).

The theoretical solubility constant of ferrihydrite is higher than other ferric oxides

(logKs=5.66) (Kirpichtchikova et al. 2006). Thus, if utilized in lake restoration,

ferrihydrite would provide dissolved Fe for stimulating diatom growth.

The International Union of Pure and Applied Chemistry (IUPAC) classifies the pores of

porous materials as follows: macropores have pore widths greater than 50 nm,

mesopores have pore widths ranging from 2 to 50 nm, and micropores have pore widths

less than 2 nm. Ferrihydrite can deposit into diatomite macropores and mesopores and

partially block them. However, it cannot deposit into and completely block micropores

because the size of an individual ferrihydrite particle is in the range of 2-5 nm (Tuhela et
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al. 1992). Both the pore blockage and additional micropores introduced by microporous

ferrihydrite are speculated to increase the overall volume of micropores, thereby

increasing the surface area of the modified diatomite. However, pure ferrihydrite is

recognized as a transient phase of an iron (III) oxide, and is not as stable as naturally

occurring ferrihydrite possibly contaminated by Si, P, and As (Rhoton and Bigham

2005). Pure ferrihydrite can transform to more crystalline ferric oxides, such as

lepidocrocite, hematite, or even goethite through aggregation and recrystallization

(Banfield et al. 2000; Mayer and Jarrell 2000). A decrease in surface area and an

increase in particle size are characteristics of the ferrihydrite transformation (Kukkadapu

et al. 2003; Penn et al. 2006). In the process of ferrihydrite transformation, P adsorbed

by ferrihydrite can be released back into solution with time (Mayer and Jarrell 2000;

Crosby et al. 1981). Therefore, a stable ferrihydrite is preferred for modification of the

diatomite.

Stable ferrihydrite can be formed from Fe(II) oxidation in the presence of dissolved

silica (Si) because more Fe3+ vacancies caused by chemisorbed Si4+ loosen the

crystalline lattice (Seehra et al. 2004) and Si4+ inhibits the ripening and agglomeration

of Fe oxide particles (Crosby et al. 1981). Dissolved silica can be produced by NaOH

treatment of raw diatomite because silicic acid (H4SiO4) and biogenic Si of diatom

frustules are unstable at high pH (pKa value of silicic acid is 9.7; Göll et al. 1989).

Thus, the dissolved Si provided by the diatomite itself contributes to the formation of

stable ferrihydrite from the Fe(II) oxidation. The role of NaOH in the Khraisheh

modification of diatomite is only to react with manganese (II) chloride (MnCl2) to form

MnO2. Dissolved Si does not contribute to the formation of Mn-modified diatomite. In

the research presented in this thesis, NaOH can react with ferrous compounds including

FeCl2 to form Fe(OH)2, and then in two stages can form the stable ferrihydrite:

oxidation of Fe(OH)2 incorporating Si4+ followed by formation of ferrihydrite.

Hereafter, the product of the deposition of ferrihydrite into larger mesopores and

macropores of diatomite is referred to as ferrihydrite-modified diatomite (FHMD).
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Chapter 4 – Materials and Methods

4.1 Development and Characterization of Ferrihydrite-Modified Diatomite

4.1.1 Preparation of Ferrihydrite-Modified Diatomite

Unprocessed diatomite (FN6, brand name) was obtained from Eagle Picher Filtration &

Minerals Inc, Nevada, USA. FN6 is composed of 89.2% SiO2, 4% Al2O3, 1.5% Fe2O3,

0.5% CaO, 0.3% MgO, and 0.5% other oxides. FN6 samples (15 g) were immersed in

100 mL NaOH solution of differing concentrations at 85°C for 2 hours to partially

dissolve Si (Al-Degs et al. 2001). The mixture was immediately added into 100 mL of

FeCl2 solutions of differing concentrations and stirred and oxidized in air at room

temperature for 24 hours. The mixture was then centrifuged to remove the supernatant.

The solid obtained through centrifugation was introduced into 100 mL of NaOH

solution, then mixed and oxidized in air at room temperature overnight. The mixture

was then centrifuged to remove excess NaOH. The solid obtained through

centrifugation was washed with distilled water and oxidized in air to continue the

Fe(OH)2 oxidation and the removal of excess NaOH. The mixture was dried at one of

three different temperatures for 24 hours and then stored in a desiccator at room

temperature.

Experiments were conducted to investigate the effects of each of three formation

conditions (FeCl2 concentration, NaOH concentration, and drying temperature) on the

crystallinity of Si-containing ferrihydrite. To investigate the effect of FeCl2

concentration, ferrihydrite-modified diatomite was produced employing different FeCl2

concentrations (0.5 M, 1 M, 1.5 M, 2 M, and 2.5 M) in the method described above, but

with NaOH concentration (6 M) and drying temperature (50 °C) held constant. The

products of this procedure were named 0.5-FHMD, 1-FHMD, 1.5-FHMD, 2-FHMD,
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and 2.5-FHMD. To investigate the effects of NaOH concentration, ferrihydrite-

modified diatomite was produced employing different NaOH concentrations (3 M, 4 M,

5 M, and 6 M), but with FeCl2 concentration (1 M) and drying temperature (50 °C) held

constant. The products of this procedure were named 3NaOH-FHMD, 4NaOH-FHMD,

5NaOH-FHMD, and 6NaOH-FHMD. Similarly, ferrihydrite-modified diatomite

produced using constant FeCl2 (1 M) and NaOH (6 M) concentrations was dried at

different temperatures (50 °C, 300 °C, 500 °C, and 900 °C). The products of this

procedure were named 1-FHMD, 1FHMD-300, 1FHMD-500, and 1FHMD-900.

4.1.2 Preparation of Reference Materials

Standard reference materials

Standard reference materials were purchased from chemical suppliers. Ferrous chloride

tetrahydrate (FeCl2.4H2O) was purchased from EM Science, Germany. Ferric chloride

6-hydrate (FeCl3.6H2O) was purchased from Mallinckrodt Baker Inc., USA. Anhydrous

crystalline ferric oxide (Fe2O3) was purchased from Fisher Scientific, USA. Potassium

phosphate dibasic (K2HPO4) was purchased from EM Science, Germany. Silicic acid

(H2SiO3) was purchased from Sigma Aldrich, USA.

Synthetic Si-containing ferrihydrite

Synthetic Si-containing ferrihydrites were prepared according to Seehra et al. (2004).

Appropriate amounts of Na2SiO3.9H2O were added to 100 mL of 0.1 M Fe(NO)3.9H2O

solution to yield molar ratios pf 0.1 to 0.5 according to )/( FeSiSix  . Ammonium

hydroxide was then slowly added to this solution to bring the pH to 10. The precipitate

was filtrated and washed using distilled water followed by oven drying at 50 °C. The

product was then ground to a fine powder. These synthetic Si-containing ferrihydrites

of differing molar ratios were named 0.1-FHYD, 0.2-FHYD, 0.3-FHYD, 0.4-FHYD,

and 0.5-FHYD.
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Synthetic hydrated iron phosphate

Synthetic hydrated iron phosphates (FePO4.2H2O) were prepared according to Reale et

al. (2003). 100 mL of 0.027 M H3PO4 solution and 100 mL of 0.009 M FeCl3 H2O were

added to a boiling flask and refluxed at boiling temperature with continuous stirring.

The reaction mixture was refluxed at pH=3-4 for two days to produce FePO4.2H2O.

The pH was adjusted by 0.04 M sodium hydroxide or 0.5 M hydrochloric acid solution,

respectively. After two days of refluxing, a fine and well-crystalline yellowish powder

(FePO4.2H2O) was obtained.

4.1.3 Characterization of Ferrihydrite-Modified Diatomite

Iron content of ferrihydrite-modified diatomite

The iron content of FHMD was determined by atomic absorption spectroscopy (AAS)

by using Perkin-Elmer Model 5000 atomic absorption spectrophotometer (PerkinElmer

Life And Analytical Sciences, Inc., USA). Prior to the AAS analysis, the FHMD was

immersed in 6 M hydrochloric acid at 40 °C overnight to dissolve the deposited

ferrihydrite.

X-ray diffraction (XRD) studies

Mineralogy of raw diatomite and FHMD was characterized by powder X-ray diffraction

(XRD) analysis using a Model APD 3520 X-ray diffraction unit (Philips, Eindhoven,

Netherlands), Cu Kα radiation (50 kV, 100 mA). The powdered samples were smeared

on a glass slide with methanol and dried at room temperature, then scanned from 10° to

90° (2θ) with a step size of 0.05°.

Scanning electron microscope (SEM) studies

Samples of raw diatomite and FHMD were scanned with a JEOL JSM-840A scanning

electron microscope. The samples were first mounted flat, using carbon tape, and then
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modified with 30 nm of gold using a sputter coater. The working distance was set to

17 mm and the accelerating voltage was set at 20 kV.

Transmission electron microscope (TEM) studies

The microstructure of raw diatomite, synthetic Si-containing ferrihydrite, and FHMD

was studied by TEM using a Philip CM10 instrument. TEM samples were dispersed in

a few drops of high-purity water by ultrasonication, and a droplet of the sample was

placed over a holey carbon coated copper grid and subjected to imaging.

Brunauer-Emmett-Teller (BET) analyses

Textural parameters of raw diatomite, 0.5-FHMD, 1-FHMD, 1.5-FHMD, 2-FHMD, and

2.5-FHMD such as BET surface area, pore volume, and pore size distribution were

determined by using the BET method and assuming the cross-sectional area of nitrogen

molecule to be 0.162 nm2. Nitrogen adsorption isotherms of the adsorbents were

determined at 77 K using Micromeritics adsorption equipment (Model ASAP 2000,

manufactured by Micromeritics Instruments Inc., Norcross, GA, USA). The mass of the

samples was around 0.2 g. Before nitrogen adsorption, all samples were degassed at

473 K for four hours in a vacuum of 510-4 atm to remove all adsorbed moisture from

the sample surface and pores.

Surface charge

The surface charge of raw diatomite and FHMD was determined by a potentiometric

titration method (Chen et al. 1996; Chen and Lin 2001). 10 g/L of diatomite and FHMD

in a solution with an ionic strength of 0.05 M NaCl were first placed in the shaker for 24

hours at room temperature. Titrations were then carried out by using 0.1 M

hydrochloride acid and then 0.1 M sodium hydroxide, and the pH was measured

throughout the titration process. The volume (mL) of acid or base needed to change the

pH from 3 to 12 was recorded. Titrations were conducted in duplicate and the results

reported as an average.
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X-ray Absorption Near-Edge Structure Spectroscopy (XANES)

XANES experiments were carried out at the Canadian Light Source (CLS) (Saskatoon,

Canada) using the Spherical Grating Monochromator (SGM) and Variable Line

Spacing-Plane Grating Monochromator (VLS-PGM) beamlines. The SGM covers a

photon energy range of 250-2000 eV, and was used for the Si K-edge and Fe L-edge

measurements; the Si L-edge and P L-edge spectra were recorded using the VLS-PGM

beamline (5.5-250 eV) (Regier et al. 2007; Hu et al. 2007). The photon energy

resolution at the Fe, Si, and P L-edge was set at 0.1 eV and at the Si K-edge was set at

0.2 eV. Powder samples were mounted on the stainless-steel sample holder using

double-sided, electrically conductive, carbon adhesive tape.

The XANES data were recorded simultaneously in total-electron-yield (TEY) mode and

fluorescence-yield (FY) mode at ambient temperature using a microchannel plate (MCP)

based detector. Multiple scans were recorded for each sample to improve the signal-to-

noise ratio. The XANES data were normalized using the absorption current that passed

through a high transmission (90%) gold mesh (SGM) and Ni mesh (VLS-PGM) inserted

into the X-ray path. The pre-edge background was subtracted from the complete data

set by using the data analysis program BAN (version 4.84b) obtained from Tolmar

Instruments (Hamilton, Canada). The intensities of peaks in the Si K-edge and Fe L-

edge spectra are given in relative units and correspond to their areas. These data were

obtained by means of a peak-fitting analysis using a data analysis program ATHENA

(version 9). The spectra were fitted with an arctangent background step function, and

peaks with convoluted Lorentzian and Gaussian profiles. An arctangent function is used

to model the step function of the data and Gaussian or Lorentzian function is used to

model the features of the XANES spectra. The step function is centered at the E0 value

for the data. To add peak functions, an energy value is specified for the centroid and a

line shape chosen from the menu. As soon as lineshapes are selected, the fit is

recalculated automatically, so the simulation of the XANES spectra evolves as new
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lineshapes are added. The best fitting results were determined according to their chi-

square values.

4.2 Water and Sediment Samples

Collection of water and sediment samples

Water samples were collected from Jackfish Lake near North Battleford, Saskatchewan,

Canada, in October 2006 using an in situ subaqueous peristaltic pump with an extended

silicone sampling tube lowered to the desired depth. The peristaltic pump was operated

at a flow rate of 1 L/min and was powered by a battery. The sampling tube was flushed

prior to sample collection by pumping water from the sampling depth for at least 5

minutes. The outflow of the pump was directed into tanks that had been pre-cleaned

with hydrochloride acid then rinsed with lake water from the sampling depth a minimum

of three times. All samples were stored at 4 ºC.

Surface sediment samples (0-10 cm) were collected from the center of Jackfish Lake

with a 225 cm2 Eckman grab, which performed well on the type of sediment present.

The material was stored in polyethylene containers, which were filled completely to

minimize air space, in the dark at 2°C until use in experiments and subsequent analyses.

Description of sampling site

Jackfish Lake is a popular recreational lake located approximately 40 km north of North

Battleford (53º7’30’’N, 108º15’2’’W), providing swimming, boating, and fishing

opportunities to cottage owners and visitors (Evans 2005). The Battlefords Provincial

Park and Meota Regional Park are both located on Jackfish Lake. Jackfish Lake is

moderately large (surface area 62 km2) and shallow (5.5 m maximum depth) (Evans

2005). Jackfish Lake is located in the Jackfish River Basin, which drains an area of

approximately 3730 km2 (Evans 2005). This gives Jackfish Lake a watershed to lake

area ratio of 60.1. Agriculture development predominates in the Jackfish River Basin

(Evans 2005). The lake experiences increased productivity most likely because of the

agricultural activity in the Jackfish River Basin (Evans 2005). Table 4.1 summarizes the
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major water quality characteristics of Jackfish Lake based on the laboratory analysis

data.

Table 4.1 Characteristics of water sample collected from Jackfish Lake

Parameter Value

Na (mg/L) 277

K (mg/L) 37

Dissolved chloride (mg/L) 93

Total hardness (mg/L) 1047

Total nitrogen (mg/L) 2.42

Total phosphorus (g/L) 113.4

pH 8.48

Alkalinity (mg as CaCO3/L) 256.5

Dissolved Si (mg/L) 1.44

Dissolved Fe (mg/L) 0.16

Diatom population (cells/mL) 218750

Sediment water content

Sediment water content was determined by oven-drying ~3-5 g of wet sediment for 6

hours (or to constant weight) at 105 ºC (Håkanson and Jansson 1983). The sediment

water content was calculated by the following equation:

%100
)(
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WW
W [4.1]

where W is the water content in %, Wt is the total wet weight in g, and Ws is the dry

weight of sediment in g. This definition provides the sediment water content from close

to 0 (rock) to 100% (pure water).



49

4.3 Phosphorus Adsorption

Adsorption isotherm

A mass of 0.05 g of adsorbent (raw diatomite and FHMD) and 100 mL of standard

K2HPO4 solutions (0, 3, 6, 10, 15, 20, 25, 30, 35, 40 mgP/L) were added to 125 mL

flasks and shaken at 200 rpm at initial pH values of either 2.04  or 2.05.8  for 72

hours at room temperature. The ionic strength was adjusted using 0.1 M NaCl. The pH

8.5 condition represented water from Jackfish Lake. The pH 4 condition represented an

extreme situation should the lake pH drop to 4 or less due to acid rain. The pH of the

solutions was adjusted with HCl or NaOH solution and using a pH meter. Preliminary

experiments indicated that 72 hours were required for adsorption to reach the

equilibrium. After 72 h, the solution was filtered through a 0.45 µm Whatman®

cellculose nitrate sterile membrane filter and then the concentration of the residual

phosphate, Ce , was measured by the ascorbic acid method (4500-P E, APHA). The

amount of adsorbed phosphate ions at equilibrium, eq (mg P/g), is computed as follows:

 
m

VCC
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where 0C and eC are the initial and equilibrium phosphate concentrations (mgP/L),

respectively; V is the volume of the solution (L); and m is the mass of adsorbent (g).

Each experiment was performed three times under identical conditions.

Selective phosphate adsorption

A stock solution of 1 mM chloride (Cl-1), 1 mM hydrogen phosphate (HPO4
2-), 1 mM

sulfate (SO4
2-), 1 mM nitrate (NO3

-1), and 1 mM hydrogen carbonate (HCO3
-1) was

made by dissolving 58.5 mg of sodium chloride (NaCl), 142 mg of sodium

hydrogenphosphate (Na2HPO4), 142 mg of sodium sulfate (Na2SO4), 85 mg of sodium

nitrate (NaNO3), and 84 mg of sodium hydrogen carbonate (NaHCO3), respectively, in

deionized water. 50 mL of the stock solution and 0.1 g of FHMD were introduced into a

125 mL flask, and the solution stirred for two hours at room temperature. The solution

was then suction filtered using a 0.45 µm Whatman® cellculose nitrate sterile membrane

filter, and the adsorbent washed with 100 mL of deionized water. The phosphate ion
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content of the filtrate was measured by the ascorbic acid method, and the amount of

phosphate adsorbed onto the FHMD determined from the difference in phosphate ion

concentration before and after adsorption. The amount of other anions adsorbed onto

the diatomite was measured using standard methods that are described in Section 4.5.

X-ray Absorption Near-Edge Structure Spectroscopy (XANES)

K-edge XANES spectra of P adsorbed onto FHMDs (0.5- to 2.5- FHMD) and P

adsorbed on synthetic ferrihydrites (0.1- to 0.5-FHYD) were obtained at the Canadian

Synchrotron Radiation Facility (CSRF) situated at the 1 GeV Aladdin storage ring,

University of Wisconsin-Madison. The P K-edge spectra were obtained on the double

crystal monochromator (DCM) beamline, covering the region of 1500-4000 eV. Air-

dried, ground samples were analyzed by placing a small amount of sample on a piece of

graphite tape and transferring it into the ultra high vacuum (UHV) chamber. The photon

resolution at the P K-edge was less than 0.8 eV. The CSRF DCM is a UHV beamline,

so it was possible to collect both FY and TEY via a multichannel plate detector on

powder samples. Multiple scans (3-5) were averaged to improve the signal to noise

ratio. The pre-edge background was subtracted from the complete data set using the

data analysis program BAN (version 4.84b) obtained from Tolmar Instruments

(Hamilton, Canada).

4.4 Application of Ferrihydrite-Modified Diatomite for Phosphorus Control

4.4.1 Batch-Scale Experiments

Phosphorus removal from lake water

Batch experiments for measuring P removal were carried out in 1 L flasks, using 500

mL of the original lake water sampled. FHMD was mixed into the lake water at

different concentrations (0, 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500 mg/L),

then mixed at 200 rpm for 30 min for particulate destabilization, then at 50 rpm for 30

min for particulate aggregation (HDR Engineering 2001). The mixture was set aside for

1 hour. The mixture was then mixed again at 200 rpm for 24 hours at 25 °C under a
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light/dark rhythm of 16 hour light/8 hour dark which is a common light/dark regime for

plant/algal growth (Bowsher et al 1991). The lighting was provided by fluorescent lights

at a fluce rate of 200 µmol m-2s-1. The mixture was then filtered through a 0.45 µm

Whatman® cellculose nitrate sterile membrane filter. Total phosphorus (TP) in the

filtrate was determined by persulfate digestion (4500-P B, APHA) and ascorbic acid

(4500-P E, APHA) methods. Si concentrations were measured by molybdo-silicate

(D859 ASTM). Diatom concentrations in the unfiltered sample were determined by a

phytoplankton counting technique (10200 F, APHA).

Sedimentation experiment

The sedimentation experiments were performed in glass cylinders (6 cm diameter, 43

cm height). After the addition of 400 mg/L of raw diatomite and FHMD into 1 L of lake

water, respectively, the samples were mixed at room temperature for 24 hours using the

same conditions as described above for P removal experiments. Subsequently (after the

mixing period), water samples were taken at defined time intervals (0, 1, 2, 4, 6, 8, 12,

22, 48, 72, 94, 96, 120, and 144 hours) from 5 cm below the surface for photometric

turbidity measurements. In order to make this experiment’s results comparable to

literature data, the water samples were collected at the 5 cm below the water surface,

which followed the sampling procedure outlined by Deppe and Benndorf 2002.

Experiments were performed twice under identical conditions.

Anoxic incubation of ferrihydrite-modified diatomite treated sediments

This experiment was performed to determine the optimum amount of FHMD for

inactivation of sediment P. Sediment obtained from Jackfish Lake was transferred to a

glass cylinder (6 cm diameter, 43 cm height) to form a 4 cm sediment layer. One litre of

lake water was mixed at 200 rpm with FHMD at different concentrations (0, 300, 400,

500, and 600 mg/L) for 24 hours, then siphoned very slowly into the glass cylinders

with sediments. Experiments were conducted in duplicate, for a total of 10 glass

cylinders. The two cylinders without FHMD addition (0 mg/L) served as controls.

After three days time for sedimentation, all 10 cylinders were sealed by stoppers and
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incubated in the dark at room temperature under anoxic conditions for 30 days. To

further exclude light, cylinders were wrapped with aluminium foil. Anoxic conditions

were established by sparging the overlying water in each cylinder with high-purity

nitrogen gas. Duplicate 50 mL water samples were collected from the cylinders on days

1, 5, 12, 17, 22, and 30 after the start of the experiment and analyzed for TP and SRP.

The P composition of control and FHMD treated sediments was determined by

sequential extraction on day 30. The sequential P extraction technique is described in

Section 4.5 and presented in Table 4.2 and Figure 4.3.

Anoxic incubation of ferrihydrite-modified diatomite and alum treated sediment

This experiment was performed to investigate P inactivation by FHMD in the presence

of alum. Sediment obtained from Jackfish Lake was transferred to a glass cylinder (6

cm diameter, 43 cm height) to form a 4 cm sediment layer. One litre of raw lake water

was mixed with 400 mg/L of FHMD at 200 rpm for 24 hours, then siphoned very slowly

into the glass cylinders with sediment. After three days time for sedimentation, alum

solutions with logarithmic ratios of Al to mobile P + coprecipitated P of 0.5, 0.8, 1.1, 1.4

and 1.7 were directly introduced to the top of the sediments. The alum solution was

buffered with 1 M NaHCO3 to reach a pH of 6. Each of the five alum conditions were

conducted in duplicate, and two cylinders did not receive the alum solution and acted as

controls, for a total of 12 glass cylinders in this experiment. All 12 cylinders were

sealed and incubated in the dark at room temperature under anoxic conditions for 30

days. The cylinders were wrapped with aluminium foil to further exclude light. Anoxic

conditions were established by sparging the overlying water in each cylinder with high-

purity nitrogen gas. Duplicate 50 mL water samples were collected on days 1, 5, 12, 22,

and 30 after the start of the experiment and analyzed for TP and SRP. Sequential

extraction of sedimentary P was performed on day 30.

Oxic and anoxic agitation experiment

The purpose of this experiment was to determine the optimum amount of gypsum and

investigate P release in the agitation procedure. Sediment samples obtained from
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Jackfish Lake were transferred to a 1 L flask to form a 3 cm sediment layer. One litre of

lake water was mixed at 200 rpm with 400 mg/L of FHMD for 24 hrs, then this treated

lake water was slowly siphoned to the 1 L flask to avoid disturbing the sediment. After

a settling period of three days, gypsum was spread into the 1 L flasks to form layers of

0.5 cm, 0.8 cm, 1 cm, and 1.2 cm depth. Each gypsum depth was conducted in

duplicate. Gypsum was not added to two flasks that acted as controls. Ten flasks were

agitated under oxic condition and 10 flasks were agitated under anoxic conditions,

respectively. Oxic conditions were maintained by introduction of air; anoxic conditions

were established by introduction of pure nitrogen. The flasks were wrapped with the

aluminium foil to exclude light. The flasks were sealed by stoppers and intermittently

agitated in the dark at 30ºC. Samples were agitated at 60 rpm from 0-12 hours, at 100

rpm from 24-36 hours, and 130 rpm from 48-60 hours. The samples were allowed to

settle in the intervals between (12-24 hours, 36-48 hours) and after (60-72 hours).

Samples (10 mL) were taken every 3 hours during agitation and less frequently during

settling intervals. After 72 hours, the SRP and turbidity of the lake water were analyzed.

Water samples for SRP analysis were taken from a depth of 2 cm below the water

surface; water samples for turbidity analysis were taken from a depth of 2 cm above the

sediment. The agitation procedure is described in Figure 4.1.

Figure 4.1 Agitation procedure to test phosphorus release and sediment resuspension

Oxic and anoxic incubation of ferrihydrite-modified diatomite and gypsum treated

sediment

Sediment obtained from Jackfish Lake was transferred to four glass cylinders (6 cm

diameter, 43 cm height) to form a 4 cm sediment layer. One litre of raw lake water was
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mixed with 400 mg/L of FHMD at 200 rpm for 24 hours, and then the mixture very

slowly siphoned into the glass cylinders so as not to disturb the sediment. After three

days sedimentation time, gypsum was added to form a 0.8 cm layer. The cylinders were

sealed by stoppers. Two pairs of cylinders were wrapped in aluminum foil and

incubated in the dark at 30ºC under oxic and anoxic conditions, respectively, for 30

days. Water samples were collected in 50 mL aliquots from the overlying water in the

cylinders on days 0, 6, 10, 16, 21, and 30 and analyzed for TP and SRP. Sequential P

extraction was performed on day 30 to determine the sedimentary P composition.

4.4.2 Bench-Scale Experiments

Phosphorus control in an artificial aquarium

The purpose of these experiments was to test the effects of two techniques—P

coprecipitation by FHMD and sediment sealing by FHMD and gypsum—on controlling

P in an artificial aquarium over a 120 day time period. Conditions in the aquarium were

designed to favour P release, with DO levels less than 1 mg/L and frequent vertical

mixing in the entire water column. Three artificial aquariums were established in the

Environmental Laboratory. One was used as a control to which no FHMD and gypsum

were added. FHMD and gypsum were added to two test aquariums to control P.

Artificial aquariums ran for at least 120 days in an environmental chamber in the

Environmental Laboratory.

The three tanks used in this experiment were 45 cm in diameter and 100 cm tall. Three

holes were drilled into the tanks at depths of 20, 55 and 80 cm. These holes were fitted

with male pipe adapters, connected with tubing, and primarily used as sampling ports.

Sediment from Jackfish Lake was transferred to the three aquariums to a depth of

~15 cm. Two hundred and forty litres of Jackfish Lake water was mixed at 200 rpm

with 400 mg/L of FHMD for 24 hours in an auxiliary tank. Water was slowly siphoned

to the aquariums to avoid disturbing the sediment to a final depth of ~80 cm. The

control aquarium received 120 L of untreated lake water; the remaining two aquariums

received 120 L of FHMD treated lake water. The aquariums were left for three days
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during which time particulates such as FHMD, living particles, and detritus particles

settled onto the sediment. A 0.8 cm deep gypsum layer was then evenly spread in the

two test aquariums.

The temperature in the environmental chamber was 11°C, to simulate the average daily

temperature between April 1 and June 30 of the Saskatoon airport from 1980 to 2000.

This temperature was also in the optimum temperature range of 7 to 12°C for carbon

fixation by diatoms. A light/dark rhythm of 16 hour light/8 hour dark was established

with a light intensity of 220 µmol m-2 s-1. Light penetrated the aquariums from the top

opening only, not from the aquarium sides. Relative humidity was kept at 85-95% in

the chamber to avoid the effects of evaporation. To simulate anoxic conditions caused

by temporary thermal stratification, pure nitrogen was introduced to 1 cm above the

sediment to maintain DO levels of less than 1 mg/L. To simulate sediment resuspension

induced by wind and wind-generated gravity waves, a metal grid oscillating vertically

for 15 minutes per day within the water column was introduced into all three aquariums.

The grid was made of a steel 7×7 cm mesh and was driven by a motor to attain a settling

velocity of 9.2 cm/s. The oscillation frequency of the grid was 90 rpm. In its resting

position, the top of the grid was 5.5 cm above the top of the sediment and the lower edge

of the grid was 2 cm above the top of the sediment. The stroke amplitude of the

oscillation was 7 cm. The setup of an artificial aquarium is shown in Figure 4.2.
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Figure 4.2 An artificial aquarium used to study phosphorus control by FHMD and

gypsum (All length units in dimensions of mm)

The dissolved oxygen (DO) concentration of the water was measured each day prior to

vertical oscillation. Water samples (150 mL) were taken immediately after vertical

oscillation every four days from the top and bottom sampling ports, respectively. Water

quality parameters such as pH, total alkalinity, total suspended solids (TSS), total

phosphorus (TP), soluble reactive phosphorus (SRP), total kjeldahl nitrogen (TKN), and

silicate (SiO4
-4), sulfate (SO4

2-), and diatom count were determined in duplicate for each

water sample. The depth profile of P in sediment samples was tested by sequential P

extraction.



57

4.5 Analytical Methods

Measurements of turbidity, dissolved oxygen (DO), pH and total alkalinity

The turbidity of the water samples was measured using a 2100 P Turbidimeter (Hach,

USA). Dissolved oxygen (DO) concentration was measured with a SensION156

Portable pH/Dissolved Oxygen Meter (Hach, USA). pH measurements were carried out

using a VWR Scientific Instruments, model 8000 pH-meter. Total alkalinity of water

samples was measured following the titration method (2320 B., APHA 1992) and by

using a pH-meter E512, Impulsomat E473 and Dosimat (Metrohm Herisau,

Switzerland).

Measurements of phosphorus (SRP and TP), Silicate (SiO4
4-), Fe, sulfate (SO4

2-), Total

Kjeldahl Nitrogen (TKN), nitrate (NO3
-1), chloride (Cl-1) and diatom

Soluble reactive phosphorus (SRP) in the overlying water was analyzed by the ascorbic

acid method (4500-P E., APHA 1992); total phosphorus (TP) in the overlying water was

measured with the ascorbic acid method after persulfate digestion (4500-P B., APHA

1992). Silicate was measured with the molybdosilicate method (4500-Si D., APHA

1992). SRP, TP, and Si were measured with the DR/4000U spectrophotometer (Hach,

USA). Fe was measured by atomic adsorption as described in 3500-Fe B, Standard

Methods (APHA 1992). Fe measurements were conducted with a Perkin-Elmer Model

5000 atomic absorption spectrophotometer (PerkinElmer Life and Analytical Sciences,

Inc., USA). Sulfate (SO4
2-) was measured by the automated methylthymol blue method

(4500- SO4
2- F., APHA 1992). Nitrate (NO3

-1) was measured by the automated

cadmium reduction method (4500- NO3
-1 F., APHA 1992). Chloride (Cl-1) was

measured by the potentiometric method (4500 – Cl-1 D., APHA 1992). Diatoms were

quantified with the phytoplankton counting technique (10200 F., APHA 1992) by a

Zeiss Axioskop microscope associated with Axiocam color digital camera (Carl Zeiss,

Germany) whose resolution is sufficient to separate clearly FHMD from diatom.
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Sequential phosphorus extraction

Sequential P extraction is widely used to determine different fractions of P in sediments

(Petterson et al. 1988). The best example of early extraction schemes is presented by

Chang and Jackson in 1957, who partitioned sediment P into labile P, aluminium-bound

P, iron-bound P, calcium-bound P, reductant soluble P, occluded P, and organic P. The

method of Chang and Jackson (1957) was further developed by several researchers.

More recently, the need for better chemical characterization has been stressed to

improve understanding of P exchange processes between sediment and water as well as

the effects of environmental conditions such as pH, redox potential, and ionic strength

on these processes. In the work of Hieltjes and Lijklema (1980), they separated

sediment P into labile P (NH4Cl-P), iron- and aluminium-bound P (NaOH-rP), calcium-

bound P (HCl-P), and a residue P fraction. However, iron-bound P and aluminium-

bound P were not separated in this sequential P extraction scheme, and organic P was

not identified but rather included within NaOH-RP and/or the residue P fraction. In

1988, Psenner et al. presented a P fractionation scheme designed to separate water-

soluble P (H2O-P), P bound to iron and manganese hydroxide or reductant soluble P

(BD-P), iron- and aluminium-bound P (NaOH-rP), calcium-bound P (HCl-P), and

refractory P (NaOH85-P). Rydin and Welch (1998) and Rydin (2000) developed Hieltjes

and Lijklema’s (1980) method with two modifications: an anoxic bicarbonate dithionite

(BD) step and a digestion step added to the NaOH extraction. Thus, Rydin and Welch

(1998) and Rydin (2000) separated sediment P into labile P(NH4Cl-P), iron-bound P

(BD-P), aluminium-bound P (NaOH-rP), organic P (NaOH-nrP), calcium-bound P

(HCl-P), and a residue P fraction. Hansen et al. (2003) developed the P fractionation

scheme presented by Psenner et al. (1988) with two modifications: 1.5 mL 2 M H2SO4

added to the NaOH extraction step to determine humic acid-bound P and a sediment

combustion step to determine the residue P fraction. These sequential P extraction

schemes are summarized in Table 4.2.
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After reviewing the modifications of the sequential P fractionation by Hieltjes and

Lijklema (1980), Psenner et al. (1988), Jensen and Thamdrup (1993), Rydin & Welch

(1998), Rydin (2000), and Hansen et al. (2003), the P extraction scheme proposed by

Jensen and Thamdrup (1993) was used in the research in this thesis. Approximately 1 g

of wet sediment was subsampled and placed into a 40 mL polyethylene centrifuge tube.

Different fractions of P in the sediment were extracted according to the scheme

described in Figure 4.3. Samples of the extracts were centrifuged for 10 min at 3000

rpm after which the supernatants were filtered through a 0.45 µm membrane filter.

Phosphorus was measured following the methods described above. In step 1, 25 mL of

0.46 M N2-purged NaCl solution was added under N2-atmosphere and 1 mL of 1 M

H2SO4 was added into tubes to prevent coprecipitation of phosphate with iron (Fe) and

manganese (Mn) and to preserve the sample. Step 1 was intended to extract the pool of

loosely adsorbed P (labile P). The bicarbonate dithionite solution (BD-reagent) was

made by adding 0.11 M Na2S2O4 into a stock solution of 0.11 M NaHCO3. In step 2,

one hour aeration was conducted to oxidize the remaining dithionite. The addition of 1

M H2SO4 and one hour aeration led to the formation of elemental sulphur, which turned

the solution milky. However, the sulfur precipitates within a few days and then the clear

solution was tested for SRP. Step 2 was intended to extract Fe-bound P. Steps 3 and 4

were handled under aerobic conditions. Step 3 was intended to extract primarily

relatively stable P (Al-bound P) and organic P. Step 4 was used to extract Ca-bound P

such as apatite. In the last step the sediment pellet was ignited at 520 °C for two hours

and subsequently boiled for 10 minutes in 1 M HCI. The residual phosphorus left in the

sediment was extracted. Residue P represented the more refractory P pool.
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Table 4.2 Sequential extraction schemes for determining the fractional composition

of sediment phosphorus

Extraction Proposed fraction

Chang and Jackson
(1957)

NH4Cl 1 M
NH4F 0.5 M pH 8.2
NaOH 0.1 M
HCl 0.5 M
CDB
NaOH

Labile P
Al-bound P
Fe-bound P
Ca-bound P
Reductant-soluble P
Refractory P

Hieltjes and Lijklema
(1980)

NH4Cl 1 M pH 7
NaOH 0.1 M
HCl 0.5 M

Labile P
Fe- and Al-bound P
Ca-bound P

Psenner et al. (1985) H2O
DB 0.11 M 40 ºC
NaOH 1 M
HCl 0.5 M
NaOH 1 M 85 ºC

Water-soluble P
Reductant-soluble P
Fe-and Al-bound P
Ca-bound P
Refractory P

Rydin and Welch (1998)

Rydin (2000)

NH4Cl 1 M pH 7
DB 0.11 M
NaOH 0.1 M
After digestion and minus “Al-P”
HCl 0.5 M

Labile P
Fe-bound P
Al-bound P
Organic P
Ca-bound P

Hansen et al. (2003) H2O
DB 0.11 M
NaOH 0.1 M
H2SO4 2 M
HCl 0.5 M
Sediment combustion 520 ºC

Water-soluble P
Fe-bound P
Al-bound and humic acid-bound
P
Humic acid-bound P
Ca-bound P
Residue P

Jensen and Thamdrup
(1993)

NaCl 0.46 M
DB 0.11 M and 1 hour aeration
NaOH 0.1 M
After digestion and minus “Al-P”
HCl 0.5 M
Drying 105 ºC, ignition 520 ºC, 1 M HCl
and boiling 10 min

Labile P
Fe-bound P
Al-bound P
Organic P
Ca-bound P
Residue P
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Figure 4.3 Sequential extraction scheme for phosphorus fractions in sediment
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Chapter 5 – Results and Discussions

5.1 Characterization of Ferrihydrite-Modified Diatomite

5.1.1 X-Ray Diffraction

Powder X-ray diffraction (XRD) phase analysis is a method which can directly identify

ferrihydrite in amorphous materials (Loan et al. 2002). Ferrihydrite displays a range of

XRD patterns; the least crystalline ferrihydrite exhibits two broad peaks, defined as 2-

line ferrihydrite, and the more crystalline ferrihydrite exhibits six broad peaks, defined

as 6-line ferrihydrite. The transformation from 2-line ferrihydrite to 6-line ferrihydrite

is characterized by decreases in surface area and density of hydroxylated surface sites

(Kukkadapu et al 2003). As shown in Figure 5.1, the two reflections at 35.55°2

(0.252 nm) and 64.3°2 (0.145 nm) found in the XRD pattern of FHMD indicate that

the ferrihydrite deposited into the diatomite is the least crystalline (2-line) ferrihydrite,

which has a higher surface area and site density than other iron (III) oxides. This result

agrees with previous work on the 2-line ferrihydrite identification (Janney et al. 2000;

Pan et al. 2006). The same sample was analyzed by the AAS method, and the diatomite

surface was found to be loaded with 0.24 g Fe/g of 2-line ferrihydrite.

In the XRD pattern of raw diatomite shown in Figure 5.1, a broad band is centered at

22.8°2 (0.39 nm), which is the characteristic peak for amorphous SiO2. This solo

peak suggests that SiO2 is the principal constituent of diatomite.
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Figure 5.1 XRD patterns of raw diatomite and FHMD

5.1.2 Scanning Electron Microscopy

The surface of the diatomite was modified by the NaOH treatment and ferrihydrite

deposition. Scanning electron microscopy (SEM) was employed to determine the

differences in surface structure between raw diatomite and FHMD. Figure 5.2a shows

an electronic micrograph of raw diatomite with 1800 magnification. There are two

principal types of patterns in diatoms: (1) centric, with ribs radiating from a ring; and (2)

pennate, with ribs extending out from both sides of a longitudinal element (Round et al.

1990). The raw diatomite obtained from Nevada mainly consists of the centric diatom

particles, with only a small number of the pennate diatom particles. The centric diatom

particles have a diameter of approximately 5-20 µm and a thickness of several microns.

The pennate diatom particles have a length of about 12 µm. The micrograph shows the

diatomite has a porous structure and a large void volume. It can be inferred from the

SEM micrograph in Figure 5.2a that the high porosity is mainly caused by numerous
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skeletal pores in the diatom particles and the interparticle pores between the diatom

particles.

The SEM micrograph of FHMD at 1800 magnification reveals that raw diatomite

frustules are surface modified and the original geometry of the pores is destroyed by the

NaOH treatment and ferrihydrite deposition (Figure 5.2b). Initially, colloidal-size

ferrihydrite (2-5 nm) is deposited into the macropores (>50 nm) and larger mesopores

(7-50 nm) of the diatomite. Thereafter, additional ferrihydrite aggregates on the surface

of the diatomite particles (Figure 5.2b).
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Figure 5.2 Typical scanning electron micrographs for (a) raw diatomite and (b) FHMD (magnification 1800×)
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5.1.3 Transmission Electron Microscopy

The TEM images of raw diatomite, synthetic ferrihydrite, and FHMD are shown in

Figure 5.3, where raw diatomite and synthetic ferrihydrite serve as reference materials

for the TEM analysis of FHMD. The TEM images of raw diatomite (Figure 5.3a),

synthetic ferrihydrite (Figure 5.3b), and FHMD (Figure 5.3c) indicate that the structure

of diatomite particles is destroyed by NaOH treatment and that ferrihydrite nanoparticles

are deposited into the diatomite. Figure 5.3c and 5.3d are TEM images of FHMD.

Figure 5.3d is representative of the majority of TEM findings of the same sample, and

suggests that ferrihydrite not only deposits into the diatomite but also aggregates on the

surface.
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Figure 5.3 Typical TEM images of raw diatomite (a), pure ferrihydrite (b), and FHMD (c and d)
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5.1.4 Si L-Edge XANES Spectroscopy

In the research conducted in this thesis, the surface SiO2 of diatomite is altered by

dissolution of Si4+ during the NaOH treatment; the dissolved Si4+ subsequently

contributes to the formation of the ferrihydrite shell. The change in the chemical nature

of Si can be estimated by Si L3,2-edge XANES spectra. The common detection methods

for XANES are to either measure the total electron yield (TEY) or the fluorescence yield

(FY). The TEY method is surface sensitive with an effective sampling depth of ~5 nm;

the FY method is bulk sensitive with an effective sampling depth of ~50-100 nm (Kawai

et al. 2000; Hu et al. 2004; Cramer et al. 1998; Kasrai et al. 1993; Varlot et al. 2001).

When the bulk and surface composition are the same, TEY and FY methods provide

equivalent results. However, when bulk and surface composition are different, as in the

case of FHMD, comparing the data from the two modes (TEY and FY) can provide very

useful information.

Si L3,2-edge XANES spectra from TEY and FY measurements of raw diatomite and

FHMD after a pre-edge background removal are shown in Figure 5.4. These photon

spectra recorded in the energy range from 102-115 eV are associated with the

Si4+oxidation state (in the form of SiO2 or Si4+ ions). As shown in Figure 5.4, pre-edge

peaks (a and b) come from spin-orbit splitting of the Si 2p level and can be assigned to

2p3/2 a1 (3s) and 2p1/2  a1 (3s) transitions, where a1 (3s) is the antibonding orbital

of high Si 3s characteristic. The splitting distance is calculated to be 0.6 eV, and is the

same as the reported value for pure SiO2 (Kasrai et al. 1993). The pre-edge peaks (a and

b) in the TEY spectrum of raw diatomite correspond to those in the FY spectrum of raw

diatomite, indicating that the Si chemical composition of both surface and bulk raw

diatomite is SiO2. However, in the TEY spectrum of FHMD, only one pre-edge peak (d)

is observed though this peak is not quite resolved. Furthermore, this peak position is

located at the low energy side compared with the spin-orbit doublets (a and b). The pre-

edge peak and its position indicate that the Fe-Si bonding in the shell of ferrihydrite

might be formed. The Si4+ is incorporated into the structure of ferrihydrite to form a

stable 2-line ferrihydrite. The presence of the spin-orbit doublets (a and b) in the FY
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spectrum of FHMD suggests that the bulk Si compound of FHMD remains as SiO2.

Thus, only SiO2 on the surface of diatomite is dissolved in the NaOH solution and the

bulk of the diatomite is preserved.
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Figure 5.4 Si L3,2-edge XANES TEY and FY spectra of raw diatomite and FHMD

5.1.5 BET Pore Size Distribution and Nitrogen Adsorption-Desorption Isotherm

The BET test was conducted to determine textural parameters, such as BET surface

area, pore volume, pore area, and average pore diameter, of raw diatomite and FHMD.

Results are tabulated in Table 5.1. As shown in Table 5.1, the BET surface area of

FHMD is 211.1 m2/g, which is 8.5-fold greater than diatomite. The surface area of the

mesopore and micropore regions of diatomite was 22.11 and 1.78 m2/g, respectively.

These increased to 192.02 and 18.81 m2/g, respectively, in the FHMD. However, the

surface area of the macropore regions decreased from 0.89 m2/g in the diatomite to 0.27

m2/g in the FHMD. The total surface area increased, primarily due to increases in the

mesopore and micropore regions. The increase of the mesopore area is due to the partial

blockage of macropores (>50 nm) and larger mesopores (>7 nm) by colloidal-size (2-5

nm) ferrihydrite particles. Similarly, the increase of micropore area can be attributed to
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pore blockage by colloidal-size ferrihydrite as well as additional micropores provided by

microporous ferrihydrite. As shown in Figure 5.5, the increase in the mesopore and

micropore regions is also demonstrated by differential pore size distributions in

diatomite vs. FHMD. The differential pore size distribution is defined as )(log/ DddV .

The term V represents a cumulative pore volume at a specific average pore diameter.

The distribution of FHMD pores exhibits only one maxima in the range from 2 to 4 nm,

showing the dominance of the smaller pores. However, the raw diatomite has a much

broader and flattened pore size distribution, which smoothly shifts toward large pore

diameters without any significant peak. Calculated from the pore size distribution, the

average pore diameter of FHMD is estimated to be 3.79 nm, while that of raw diatomite

is 9.19 nm, as shown in Table 5.1. The average pore size (3.79 nm) of FHMD is just

above the micropore size range, which can be also attributed to the blockage of

macropores and mesopores by ferrihydrite nanoparticles.
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Table 5.1 Summary of BET Data for Raw Diatomite and FHMD

Materials BET
surface
area
(m2/g)

Macropore
area (m2/g)

Mesopore
area
(m2/g)

Micropore
area (m2/g)

Total pore
volume
(cm3/g)

Macropore
volume
(cm3/g)

Mesopore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Average
pore
diameter
(nm)

Raw
diatomite

24.77 0.89 22.11 1.78 0.062 0.0200 0.042 0.000564 9.19

FHMD 211.1 0.27 192.02 18.81 0.203 0.0057 0.190 0.00680 3.79
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Nitrogen adsorption-desorption isotherm plots for raw diatomite and FHMD are

provided as an inset in Figure 5.5. These plots show a hysteresis loop between the

adsorption and desorption branches. Generally speaking, desorption branch cannot be

superimposed over the adsorption branch (Lynch 2003). All the nitrogen adsorption-

desorption isotherms are considered to be a typical type IV isotherms (IUPAC

classification), which suggests that raw diatomite and FHMD are mesoporous materials.

The plot of raw diatomite exhibits an H3 hysteresis loop, which is characteristic of

aggregates of plate-like particles, while the plot of FHMD is considered to be a typical

H2 hysteresis loop. The H2-type hysteresis corresponds to porous solids where the pore

size distribution is not uniform and blockage of pores plays a significant role.
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Figure 5.5 Differential pore size distribution and nitrogen adsorption-desorption

isotherm plots of raw diatomite and FHMD
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5.1.6 Surface Charge

Surface charge density σ (C/m2) is determined by (Khraisheh et al 2004):

Am

FHOHCC BA ])[][(  
 [5.1]

where CA and CB are the concentrations of acid and base needed to reach a point on the

titration curve in mol/L, [H+] and [OH-] are the concentrations of H+ and OH-,

respectively, converted from pH to mol/L, F is the Faraday constant (96490 C/mol), A is

the specific surface area in m2/g, and m is the concentration of raw diatomite and FHMD

in g/L.

The surface charge as a function of solution pH is shown in Figure 5.6. The titration

curves illustrate that the surface charge decreases as the pH is increased. The

intersection of the two curves with the x-axis gives the point of zero charge (pHPZC),

which was determined in this study to be at a pH of 5.8 for raw diatomite and 10 for

FHMD. At pHPZC, the total charge from cations and anions at the sample surface is

equal to zero (Xiong and Peng 2008b). The pHPZC of FHMD is greater relative to raw

diatomite due to the the hydroxyl ligand bound to ferrihydrite. The surface charge is

negative when the solution pH is above pHPZC and becomes positive when pH is below

pHPZC. In this study, the pH of the lake water treated by FHMD was about 8.48 (Table

4.1). In the lake water, the surface charge of raw diatomite was negative, while that of

FHMD was positive. As a result, a negatively charged surface of raw diatomite repels

negative phosphate ions but the positively charged surface of the FHMD attracts

phosphate ions.
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Figure 5.6 Surface charge density curves for raw diatomite and FHMD

5. 2 Optimum Synthesis of Ferrihydrite-Modified Diatomite

5.2.1 Effects of FeCl2 Concentrations

Si-stabilized ferrihydrite is formed from Fe2+ oxidation in the presence of dissolved Si

(Mayer and Jarrell 1996; Karim 1984). In the research, 100 mL of FeCl2 solution at

concentrations of 0.5, 1, 1.5, 2, and 2.5M were used to synthesize Si-containing

ferrihydrite that deposits into the pores of diatomite. The Si/Fe molar ratio of the Si-

containing ferrihydrite is expected to decrease with increasing iron amount from 0.5 to

2.5 M of FeCl2 because the amount of dissolved Si is fixed when the same amount of

NaOH is used (Xiong et al 2009). FHMD formed in different FeCl2 concentrations were

named 0.5-FHMD, 1-FHMD, 1.5-FHMD, 2-FHMD and 2.5-FHMD.

5.2.1.1 Si L3,2-edge XANES spectra

Si L3,2-edge XANES FY and TEY spectra of pure amorphous SiO2, raw diatomite (FN6),

and ferrihydrite-modified diatomite (0.5- to 2.5-FHMD) are shown in Figures 5.7a and

5.7b. These XANES spectra are recorded in the energy range from 102-115 eV, which

is associated with the Si4+oxidation state in the form of SiO2 or Si4+ ions (Li et al. 1996).
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As shown in the FN6 spectrum (Figure 5.7a), pre-edge peaks (a1 and a2) located at 104.9

and 105.5 eV, respectively, come from spin-orbit splitting of the Si 2p level and can be

assigned to 2p3/2  a1 (3s) and 2p1/2  a1 (3s) transitions, where a1 (3s) is the

antibonding orbital of high Si 3s characters. The broad and strong feature (b peak)

located at 107.7 eV can be assigned to the 2p3p transition. Although the 2p 3p

transition is forbidden by the dipole selection rule, in the case of bulk SiO2 the

tetrahedral coordination and strongly electronegative oxygen atoms change the

symmetry of the crystal field enough so that this transition becomes possible (Harp et al.

1989, Wu et al. 1998). Peak b has been designated as a dipole-allowed transition to the

hybridized orbitals with Si 3s or 3d and O 2p characters in the spectrum of SiO2 (Tsai et

al. 2008, Mo and Ching 2001). Notably, strong orbital mixing is necessary for both

assignments. Further theoretical work is required to determine the orbital characters and

the degree of the mixing in these hybridized orbitals; Soldatov et al. (2000) reported the

conduction band of stishovite (SiO2) consisted of unoccupied Si s, p, d and O p

electronic states. Peak b can also be assigned to the 2p3p transition, as it follows the

atomic energy order of 3s, 3p, and 3d orbitals (for example, the 1s3p transition is at

~17 eV lower than the 1s3d transition in the Si K-edge spectrum of SiO2 (Wu et al.

1998). Figure 5.7d shows the intensity of peak b decreases with increasing FeCl2

concentration.

The positions of peaks a1 and a2 and the 0.6 eV spin-orbit separation in the FY spectrum

of ferrihydrite-modified diatomite are the same as those in the FY spectrum of pure SiO2

(Figure 5.7a), suggesting that the bulk Si component of ferrihydrite-modified diatomite

largely remains as SiO2. A slight energy shift in the peak positions (particularly peak

a2) to the lower energy side in the spectra of 0.5 to 2.5-FHMD samples is noted when

compared with those of FN6 and SiO2 (Figure 5.7a), as the bridging oxygen in the Si-O-

Si bond is replaced by the OH group on the surface. The absence of an oxygen atom in

the Si-O-Si bond results in the decrease in the Si 2p binding energy (Xiong et al 2009).
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In the TEY spectra of SiO2 and FN6 (Figure 5.7b), peaks a1, a2, and b are located at

104.8, 105.4, and 107.3 eV, respectively. In combination with the Si L3,2-edge FY

spectra of SiO2 and FN6, the TEY spectra of SiO2 and FN6 indicates that raw diatomite

primarily contains amorphous SiO2. As indicated in the TEY spectra of 0.5- to 2.5-

FHMD, the Si 2p spin-orbit splitting transitions could not be resolved in peak a located

at 104.5 eV. Close-up regions (peaks a and b) of TEY spectra of ferrihydrite-modified

diatomite are shown in Figure 5.7e. The decrease in the relative height of peak a with

increasing FeCl2 amount and decreasing Si/Fe molar ratios is evident in Figure 5.7d.

To demonstrate the formation of Si-containing ferrihydrite on the surface of diatomite

and investigate the relationship between the crystallinity of Si-containing ferrihydrite

and the amount of FeCl2, synthetic Si-containing ferrihydrites (FHYD) in different Si/Fe

ratios were measured by the TEY method. As shown in Figure 5.7e, no splitting can be

resolved in peak a in the TEY spectra of synthetic Si-containing ferrihydrites in

different Si/Fe molar ratios (0.2- to 0.5-FHYD). The spectrum of 0.1-FHYD is not

shown in Figure 5.7e because the spectrum still contains too much noise although the

repetitive scanning did increase the signal to noise ratio. The low Si content of 0.1-

FHYD is probably below the detection limit of the XANES analysis method in this

instance. The a peaks of ferrihydrite-modified diatomites and synthetic Si-containing

ferrihydrites are at the same position and all spectra have a similar shape, which

demonstrates that Si-containing ferrihydrite is formed on the surface of diatomite and

dissolved Si provided by raw diatomite is incorporated into the ferrihydrite structure.

The degree of crystallinity of Si-containing ferrihydrite increases as the ratio of Si/Fe

decreases from 0.5 to 0.1 (Seehra et al. 2004). In Figure 5.7e, the height of the pre-edge

a peak decreases with decreasing Si/Fe molar ratio, indicating that the degree of

crystallinity of Si-containing ferrihydrite increases with the decreasing height of pre-

edge peak a. The decreasing height of peak a with increasing FeCl2 concentration

(Figure 5.7d) confirms that the degree of crystallinity of Si-containing ferrihydrite of

ferrihydrite-modified diatomite increases with increasing FeCl2 concentration.
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Figure 5.7 Si L3,2-edge XANES spectra of raw diatomite and FHMDs: (a) FY mode; (b) TEY mode; (c) TEY spectra of synthetic

Si containing ferrihydrite; (d) changes in peak b intensity with FeCl2 concentration; and (e) close-up region of TEY spectra of

ferrihydrite-modified diatomite
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5.2.1.2 Fe L3,2-edge XANES spectra

Fe L3,2-edge TEY spectra of FHMD are shown in Figure 5.8a. Four peaks are observed

in the spectra. The Fe 3d states couple mainly with the O 2p states. This bonding,

taking place in a distorted cubic crystalline surrounded by oxygen atoms, causes the 3d

states to split into the t2g and eg manifolds (Xiong et al 2009). Peaks a and b located at

708.5 and 710 eV, respectively, are produced by transitions from the Fe 2p3/2 levels into

the eg orbitals; the c and d peaks located at 722 and 723.4 eV, respectively, are

associated with transitions from the Fe 2p1/2 levels into the t2g orbitals (Wilks et al.

2006). The spectrum of reference compound Fe2O3 is shown in Figure 5.8a, and agrees

well with previous reports (Kumar et al. 2007; Kuiper et al. 1993). Provided the oxygen

is the nearest-neighbour anion, the Fe L3,2-edges have spectral shapes that are sensitive

to the oxidation state of iron (Garvie and Buseck 1998). Although the spectrum of FeO

is not shown here, other research has demonstrated that the main difference between

FeO and Fe2O3 is readily found at the L3 features (Kumar et al. 2007). Kumar et al.

(2007) reported that the first peak of the L3 feature in the spectrum of FeO even became

a shoulder of the second peak, while the L3 feature of Fe2O3 is characterized by a well-

resolved doublet, a weak peak marked as a, and a main peak marked as b (Figure 5.8a).

The difference between Fe2O3 and Fe2+ compounds is attributed to the variation of 3d

electron configuration of Fe ions and the indication of local symmetry (tetrahedral or

octahedral) (Kumar et al. 2007). The spectra of 0.5- to 2.5-FHMD exhibit no energy

shift compared with the Fe2O3 spectrum and a fairly developed first peak a, indicating

that the complete oxidation of FeCl2 occurs during the synthesis of ferrihydrite-modified

diatomite and then a ferric ion-containing iron oxide (e.g. ferrihydrite, goethite, or

hematite) is formed on the diatomite.

As per the discussion in the Si L-edge Section, not only Fe2O3 but also Si-containing

ferrihydrite is produced. However, the crystallinity of ferrihydrite cannot be determined

by the Fe L3,2 shape because Fe3+ spectra are dominated by quasiatomic transition, with

only minor modification from the solid state environment (Garvie and Buseck 1998).

Besides that, Si-containing ferrihydrite is proved to be formed on the surface and be
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deposited into pores of diatomite, the relationship between the amount of ferrihydrite

and the concentration of FeCl2 is illustrated in Figure 5.8b. It can be seen in Figure 5.8b

that intensity of L3 features (sum of intensities of peaks a and b) obtained through peak-

fitting analysis increases with the FeCl2 concentration, which suggests that more FeCl2

produces more ferrihydrite and then more ferrihydrite are deposited into pores of

diatomite. As shown in Figure 5.8c, the Fe L-edge spectrum of 1-FHMD is fitted with

two arctangent step functions (centered at 709.6 eV and 723.5 eV, respectively), two

Lorentzian functions (centered at 708.4 eV and 710 eV, respectively), and two Gaussian

functions (centered at 721.9 eV and 723.6 eV).
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Figure 5.8 (a) Fe TEY L3,2-edge XANES spectra of FHMDs, (b) changes in peak amplitude with FeCl2 concentration, and (c) peak

fitting of Fe TEY L3,2-edge spectrum of 1-FHMD
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5.2.1.3 Si K-edge XANES spectra

Si K-edge TEY spectra of FN6 and 0.5- to 2.5-FHMD are provided in Figure 5.9a, along

with the spectrum of reference compound SiO2. These spectra are recorded in the

photon energy range 1842-1856 eV. A major peak a located at 1848 eV is assigned to a

1s → 3p transition in tetrahedral SiO4 molecules (Li et al. 1996). As described

previously, the Si K-edge TEY method can be considered bulk sensitive. Si K-edge

spectra of FN6 and 0.5- to 2.5-FHMD closely resemble the spectrum of SiO2 and do not

show any significant energy shift, which is consistent with the findings from Si L-edge

spectra that the bulk of ferrihydrite-modified diatomite is present as SiO2. Figure 5.9b

shows changes in intensities of peak a with increasing FeCl2 concentration. The peak

intensity decreases with increasing FeCl2 concentration. The decrease in peak intensity

can be attributed to the formation of more ferric oxide as discussed in the previous

Section. More ferric oxides are produced when FeCl2 is present at higher concentrations,

thereby decreasing the amount of SiO2 in the sampling region of Si K-edge XANES.

Changes in the intensity of peak a in Figure 5.9b are similar to changes in the intensity

of peak b in Figure 5.7c, as the final state of both transitions (1s → 3p and 2p → 3p) is

the Si 3p state (Xiong et al 2009). However, they cannot be exactly the same because of

different mechanisms of electronic transition; one is allowed by the dipole selection rule

while the other is forbidden (Xiong et al 2009). An example of peak fitting to determine

the relative intensity (i.e., 1-FHMD) is shown in Figure 5.9c. The Si K-edge spectrum

of 1-FHMD is fitted with three arctangent step functions (centered at 1840.6 eV, 1841.8

eV, and 1851.8 eV, respectively) and three Lorentzian functions (centered at 1842.2 eV,

1848 eV, and 1852.3 eV, respectively).
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Figure 5.9 (a) Si K-edge XANES spectra of raw diatomite and FHMDs, (b) changes in peak amplitude with FeCl2 concentration,

and (c) peak fitting of Si K-edge XANES spectrum of 1-FHMD
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5.2.1.4 BET analysis

The textural parameters of FHMDs (from 0.5-FHMD to 2.5-FHMD) such as BET

specific surface area SBET, total pore volume Vp, and average pore diameter DP, are

tabulated in Table 5.2. The BET specific surface area of FHMDs (from 0.5-FHMD to

2.5-FHMD) decreases with FeCl2 amount from 221 to 163.6 m2/g although the SBET of

2.5-FHMD (169.6 m2/g) is slightly higher than those of 1.5-FHMD (163.9 m2/g) and 2-

FHMD (163.6 m2/g). The decrease of surface area of FHMDs can be explained by

observations from the XANES study described previously, which indicate the degree of

crystallinity of ferrihydrite increases with FeCl2 concentration. This result is also in

agreement with the findings of Vempati and Loeppert (1989), where the degree of

crystallinity of Si-containing ferrihydrite is inversely related to the Si/Fe molar ratio; the

specific surface area also decreases with an increasing degree of crystallinity. The

average pore diameter increases with the FeCl2 amount from 3.6 nm (0.5-FHMD) to 5.3

nm (2.5-FHMD). Similarly, the increase in average pore diameter is attributed to the

increasing degree of crystallinity.

Table 5.2 Specific surface area SBET, total pore volume VP, and average pore

diameter DP of FHMD

Sample SBET (m2 g-1) VP (cc g-1) DP (nm)

0.5-FHMD 221.0 0.198 3.60

1-FHMD 211.1 0.200 3.79

1.5-FHMD 163.9 0.163 4.00

2-FHMD 163.6 0.200 4.90

2.5-FHMD 169.6 0.220 5.30

The differential pore size distribution of diatomite treated with different FeCl2

concentrations (0.5- to 2.5-FHMD) is shown in Figure 5.10. As discussed before,

although ferrihydrite of 0.5-FHMD exhibits the least crystalline degree, the ferrihydrite
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of 1-FHMD also exhibits a low crystalline degree. An insignificant shift in peak

maxima to lower pore sizes in the differential pore size distribution of 0.5-FHMD vs. 1-

FHMD (Figure 5.10) indicates that the low crystalline ferrihydrite of 1-FHMD still can

cause a high percent of macropores and larger mesopores to be blocked. The pore size

distributions of 0.5-FHMD and 1-FHMD show a sharp shift from the large pore size to a

lower pore size.

A very similar shift to those of 0.5- and 1-FHMD was observed in the pore size

distribution of 1.5-FHMD; however, the volume of small pores of 1.5-FHMD is much

lower than in 0.5- and 1-FHMD (Figure 5.10). The lower volume of small pores is

attributed to the deposition of lepidocrocite, which has a larger average pore diameter

and particle size. A weak pre-edge peak a is observed in the Si L-edge TEY spectrum

of 1.5-FHMD (Figure 5.7b), which implies a small amount of Si is incorporated into the

ferrihydrite structure of 1.5-FHMD. Compared with the relative height of peak a in the

spectrum of 0.1-FHYD, the Si/Fe molar ratio of ferrihydrite in 1.5-FHMD can be

estimated at 0.1. At an Si/Fe molar ratio of 0-0.1, the oxidation of Fe(II) results in the

formation of lepidocrocite, a moderately crystalline ferric oxide (Mayer and Jarrell

1996). The average pore diameter and particle size increase during the transformation

of ferrihydrite to lepidocrocite.

Figure 5.10 illustrates the gradual shift towards the lower pore diameter in the pore size

distribution of 2- and 2.5-FHMD. The gradual shift can be assigned to the formation of

hematite on 2- and 2.5-FHMD. Notably, peak a in the TEY spectra of 2-FHMD and

2.5-FHMD is not readily observed, which implies the Si content of 2-FHMD and 2.5-

FHMD is almost zero. Without Si inhibiting the ripening and agglomeration of

ferrihydrite, ferrihydrite is transformed to hematite (α-Fe2O3) during the synthesis of 2-

FHMD and 2.5-FHMD. Schwertmann et al. (1999) report that 2-line ferrihydrite

without Si is transformed to hematite at temperatures of 15-30°C and at pH values of 2-

12. The temperature and pH required for the synthesis of FHMD favour the

transformation of ferrihydrite to hematite in the absence of Si. The average pore
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diameter of hematite particles is 10.4 nm (Herrera et al. 2001) and particle size of

hematite nanoparticles ranges from 30 to 50 nm (Schwertmann and Cornell 2000). 30-

50 nm hematite particles are not able to be deposited into mesopores. An increase in

micropore volume and micropore surface area through the partial blockage of

mesopores is unlikely to occur. However, 30-50 nm hematite particles can be deposited

into macropores, thereby increasing mesopore volume. An additional increase in the

volume of larger mesopores can be obtained through the introduction of mesoporous

hematite (average pore diameter 10.4 nm).
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Figure 5.10 Pore size distribution of FHMDs with different FeCl2 concentrations

(0.5-2.5 M)

Figure 5.11 shows nitrogen adsorption-desorption isotherm plots recorded for 0.5- to

2.5-FHMD. All nitrogen adsorption-desorption isotherms are classified as type IV,
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which indicates that 0.5- to 2.5-FHMD are mesoporous materials. The nitrogen

adsorption and desorption isotherms of 0.5- to 1.5-FHMD show a H2-type hysteresis

loop (IUPAC classification); the nitrogen adsorption and desorption isotherms of 2- and

2.5-FHMD show a H3-type hysteresis loop (Figure 5.11). The H2-type hysteresis loop

demonstrates that the pore size distribution is not uniform and that pore blockage plays

an important role in the synthesis of FHMD. The H3-type hysteresis loop was observed

with aggregates of plate-like particles, and was consistent with the fact that hematite can

form platelets (Matijevic and Borkovec 2004). The more crystalline hematite of 2-

FHMD and 2.5-FHMD aggregates to form the hematite platelets (Matijevic and

Borkovec 2004).
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5.2.2 Effects of NaOH Concentrations

Diatomite is slightly unstable in higher pH conditions, and the SiO2 of raw diatomite is

partially dissolved in the NaOH solution with stirring and heating (Khraisheh et al.

2004). The amount of dissolved Si is a function of the NaOH concentration (Xiong et al

2009). In the research conducted for this thesis, NaOH in concentrations of 3, 4, 5 and 6

M was used to treat raw diatomite, with other synthesis conditions of 100 mL of 1 M

FeCl2 solution and a drying temperature of 50C held constant. The FHMDs produced

through NaOH treatment were named as 3NaOH-FHMD, 4NaOH-FHMD, 5NaOH-

FHMD and 6NaOH-FHMD.

5.2.2.1 Si L3,2-edge XANES spectra

Si L3,2-edge FY spectra and TEY spectra of NaOH-FHMDs are shown in Figures 5.12a

and 5.12b, respectively. Similar to Figure 5.7d, close-ups of peaks a and b in the TEY

spectra of NaOH-FHMDs are shown in Figure 5.12c. In the FY spectra of NaOH-

FHMDs (Figure 5.12a), the line shapes, the spin-orbit splittings, and their distances have

a strong resemblance to those of the FN6 FY spectrum. The exceptions are the positions

of pre-edge peaks that indicate the bulk SiO2 of diatomite is preserved relative to the

partial dissolution of the surface SiO2; NaOH concentration does not appear to have a

remarkable effect on the chemical characteristics of the bulk diatomite. Furthermore,

the NaOH-FHMD peaks shift to lower energy, as did the FeCl2-FHMD peaks (Figure

5.7a); the reasoning for this energy shift was described above in Section 5.2.1.1.

In the TEY spectra of the NaOH-FHMDs (Figure 5.12b), the spin-orbit doublets have

completely disappeared and only peak a exists in the pre-edge region, indicating that the

surface SiO2 of diatomite is partially dissolved in the NaOH solution and then dissolved

Si is incorporated into the structure of ferrihydrite. Figure 5.12c shows the height of

peak a in the NaOH-FHMD spectra increases as NaOH concentrations rise from 3 to 6

M. As observed in the synthetic ferrihydrites (0.1- to 0.5-FHYD) (Figure 5.7e), the

height of peak a increases with increasing Si content of Si-containing ferrihydrite. This

indicates the Si content of the Si-containing ferrihydrite on the surface of the NaOH-
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FHMDs increases with NaOH concentration. Furthermore, the degree of crystallinity of

Si-containing ferrihydrite in ferrihydrite-modified diatomite decreases with increasing

NaOH concentration.
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Figure 5.12 Si L3,2-edge XANES spectra of FHMDs treated with different NaOH concentrations: (a) FY mode; (b) TEY mode; and

(c) close-up region of TEY spectra of NaOH-FHMDs
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5.2.2.2 Fe L3,2-edge XANES spectra

Fe TEY L3,2-edge spectra of FN6 and NaOH-FHMDs are shown in Figure 5.13a.

Resemblance between the Fe2O3 L3,2 shape and NaOH-FN6s L3,2 shapes suggests that

ferric oxide is formed on the ferrihydrite-modified diatomite. In combination with

Figure 5.12b, Figure 5.13a futher indicates that Si-containing ferrihydrite is formed on

the surface of ferrihydrite-modified diatomite. As shown in Figure 5.13b, the sum of the

amplitudes of the L3 features, including peaks a and b in the NaOH-FHMD spectra,

increases with NaOH concentration, indicating more ferrihydrite is formed as NaOH

concentration increases. As shown in Figure 5.13c, the Fe L-edge spectrum of 6NaOH-

FHMD is fitted with two arctangent step functions (centered at 709.6 eV and 723.5 eV,

respectively), two Lorentzian functions (centered at 708.4 eV and 710 eV, respectively),

and two Gaussian functions (centered at 721.9 eV and 723.6 eV).
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Figure 5.13 Fe TEY L3,2-edge spectra of FHMDs with different NaOH concentrations (a), changes in peak amplitude with NaOH

concentration (b) and peak fitting of 6NaOH-FHMD (c)
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5.2.3 Effects of Temperature

To evaluate the effect of temperature on the chemical nature and the degree of

crystallinity, 1-FHMD was calcined at temperatures of 50, 300, 500, and 900 °C. These

FHMDs were named 1-FHMD, 1FHMD-300, 1FHMD-500, and 1FHMD-900,

respectively.

Si L3,2-edge TEY spectra of the above-mentioned ferrihydrite-modified diatomites are

shown in Figure 5.14. In Figure 5.14, an energy shift of 0.8 eV in the peak positions

(particularly peak a) in the spectra of 1FHMD-300, 500, and 900 to the high energy side

compared with 1-FHMD is observed; however, 1FHMD-300, 500, and 900 peak

positions are comparable. Glasauer et al. (2000) observed dehydroxylation when Si-

containing ferrihydrite was calcined at high temperature. During the dehydroxylation,

Si-OH groups of Si-containing ferrihydrite were replaced with Si-O bonds. The

dehydroxylation results in a decrease of electron density on Si due to the high

electronegativity of oxygen atom and thus results in the higher binding electron energy.

The lack of identifiable shift among 1FHMD-300, -500, and -900 suggests that no

further dehydroxylation reaction occurs when the calcination temperature is greater than

300 °C.

Glasauer et al. (2000) also reported that Si-containing ferrihydrite is stable even when

heated to 600 °C. Thus, amorphous Si-containing ferrihydrite still exists on the surface

of 1FHMD-300 and -500. The same relative height of peak a of 0.2 to the main peak b

is observed in the TEY spectra of 1FHMD, 1FHMD-300, and 1FHMD-500 (Figure

5.14), due to similar Si contents of Si-containing ferrihydrite. However, height of peak

a in 1FHMD-900 relative to the maximum peak b is 0.32. Glasauer et al. (2000)

reported that a transformation of Si-containing ferrihydrite to a well-crystallized

hematite occurred after heating at 850 °C. Campbell et al. (2002) found that the

temperature of transformation for Si-containing ferrihydrite to hematite was 780 °C.

Campbell et al. (2002) also reported that Si entered the structure of crystalline hematite

formed by heating Si-containing ferrihydrite. This suggests that Si-containing
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crystallized hematite is formed on the surface of 1FHMD-900. The crystallized phase

has an intense XANES pre-edge peak relative to the amorphous phase (Politi et al.

2008), which explains why the relative pre-edge peak height in 1FHMD-900 TEY

spectrum is higher than in the 1FHMD-300 and -500 spectra. Glasauer et al. (2000)

demonstrated that thermal treatment of Si-containing ferrihydrite caused a substantial

decrease in the specific surface area and an increase in average pore diameter.
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Figure 5.14 Si L3,2-edge TEY spectra of FHMDs calcined at different temperatures
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5.3 Phosphorus Adsorption onto Ferrihydrite-Modified Diatomite

5.3.1 Adsorption Isotherm

P adsorption isotherm can be described by the Langmuir, Freundlich, and Temkin

equations. The isotherms of P adsorption onto raw diatomite and FHMD at both pH 4

and 8.5 are shown in Figure 5.15. Table 5.3 shows the maximum adsorption capacity

(Q0), the values of Langmuir constants, and the correlation coefficient ( 2
Lr ) for the

Langmuir equation. Correlation coefficients ( 2
Fr and 2

Tr ) for the Freundlich and

Temkin equations are provided in Table 5.3 for comparison. The Langmuir model best

describes the P adsorption data for both raw diatomite and FHMD compared to

Freundlich and Temkin models. The Langmuir isotherm is more applicable for

chemisorption (Lowell et al. 2004). Chemisorption is an adsorption that results from

chemical bonding formation (strong interaction) between the adsorbent and the

adsorbate in a monolayer on the surface, in an often irreversible process. The Langmuir

equation is expressed as:

eL

eL
e

Ca

CK
q




1
[5.2]

where eq is the amount of P adsorbed per gram of adsorbent at equilibrium (mg P/g),

and LK and La are the Langmuir adsorption equilibrium constants. The constant LK is

related to the adsorption free energy (Bayrak 2006); LL aK / gives the maximum

adsorption capacity (theoretical monolayer saturation capacity), 0Q . The Langmuir

constants can be used to determine the suitability of the adsorbent for the adsorbate,

which is expressed in term of a dimensionless equilibrium parameter LR as:

01

1

CK
R

L

L


 [5.3]

The LR value interprets the nature of the interaction between adsorbent and adsorbate

and the adsorption type; the adsorption is considered not suitable when 1LR , linear
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when 1LR , suitable when 10  LR , and irreversible when 0LR (Al-Degs et al.

2001).

As seen in Figure 5.15, P adsorption by raw diatomite and FHMD increases with

increasing P concentration until a maximum adsorption ( 0Q ) is established. The

maximum adsorption capacities for FHMD at pH 4 and 8.5 are 37.3 and 13.6 mg P/g,

respectively; those for raw diatomite are 10.2 and 1.7 mg P/g, respectively. The low P

adsorption capacity of raw diatomite at pH 8.5 makes it a less suitable adsorbent for the

Jackfish lake water sample (pH 8.48) than FHMD. The 0Q values for FHMD are higher

than for raw diatomite, and are consistent with the results from the BET and surface

charge tests. The BET surface area of an adsorbent is an important factor determining

the adsorption capacity (Hsieh and Teng 2000). The 0Q value for FHMD at pH 8.5 is

lower than at pH 4 due to a lower positive surface charge density (Section 5.1.6). The

decrease in LK from 12.89 to 1.16 L/g with increasing pH, as shown in Table 5.3,

indicates that the adsorption free energy increases and adsorption is more difficult at

higher pH values. The higher LK values of FHMD as compared to raw diatomite may

be attributed to the development of mesopores, micropores, and supermicropores that

facilitate P adsorption onto some interior sites of FHMD having stronger binding

energies. The much lower value of LR (0.0019) for FHMD at pH 4 than for raw

diatomite (0.0035) indicates FHMD is a more favorable adsorbent for the P in solution

than raw diatomite.
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and pH 8.5
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Table 5.3 Langmuir constants for phosphorus adsorption isotherms of raw diatomite and FHMD

0Q (mg P/g) La (L/mg) LK (L/g) LR

( LmgC /400  )

2
Lr a 2

Fr a 2
Tr

a

Diatomite (pH 4) 10.2 0.7 7.19 0.0035 0.9964 0.8788 0.8979

FHMD (pH 4) 37.3 0.35 12.89 0.0019 0.9963 0.9127 0.9851

Diatomite (pH 8.5) 1.7 0.43 0.71 0.0338 0.9985 0.9194 0.9332

FHMD (pH 8.5) 13.6 0.085 1.16 0.0211 0.9986 0.976 0.9938

a 2
Lr , 2

Fr and 2
Tr : correlation coefficients for Langmuir, Freundlich, and Temkin isotherms, respectively.
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5.3.2 Comparison of Phosphorus Adsorption Capacity with Common Low-Cost

Adsorbents and Potential Application of Ferrihydrite-Modified Diatomite

Numerous adsorbents have been tested for their capacity to adsorb P. To illustrate the

potential of FHMD in actual applications as a potential low-cost P adsorbent, a

comparative evaluation of the adsorption capacities of various types of low-cost P

adsorbents is provided in Table 5.4. This comparison clearly indicates that FHMD is an

effective P adsorbent.

As an effective and environmentally safe P adsorbent, FHMD can be used for

wastewater treatment and eutrophication control. FHMD, in fine powder form, can be

applied to the effluent from biological treatment process, directly to the various

biological treatment processes, and in physical-chemical treatment flow processes. If a

granulated FHMD is produced, it could be applied to fixed-bed systems in the future.

However, the adsorption behavior and the abrasion resistance of granular FHMD must

be considered.

Direct addition of FHMD to a eutrophic lake would not only remove P from the water

column but also improves the P binding capacity of the sediments.

Large-scale pilot tests using phosphate contaminated wastewater and/or large-scale

enclosure experiments in eutrophic lakes should be conducted to optimize the adsorption

process and estimate cost benefits of FHMD.
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Table 5.4 Phosphorus adsorption capacity of different low-cost adsorbents

Adsorbent Phosphorus Adsorption Capacity 0Q (mgP/g) Data Source

Sand 0.129 Arias et al. 2001

Synthesized iron oxide coated sand 1.5 Mezenner et al. 2008

Steel slag 5.3 Xiong et al. 2008

Activated alumina 17.5 Shin et al. 2004

Al10SBA-15 26.7 Shin et al. 2004

Synthesized aluminum oxide 3.03 Wu et al. 2006

Zeolite 2.15 Sakadevan and Bavor 1998

Goethite 16.4 Oh et al. 1999

Hematite 2.2 Oh et al. 1999

Limestone 0.86 Drizo et al. 1999

Fly ash 0.86 Drizo et al. 1999

Red mud 0.23 Huang et al. 2008

Red mud with HCl treatment 0.58 Huang et al. 2008

FHMD 37.3 This research
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5.3.3 Selective Phosphorus Adsorption onto Ferrihydrite-Modified Diatomite

Common anion species in lake water are HCO3, CO3, SO4, and Cl, each typically

present in concentrations greater than 1 mg/L (Kalff 2002). Remaining major anions

such as phosphate and nitrate are utilized by biota as macronutrients. Anions compete

for surface adsorption sites on adsorbents in lake water. The selective P adsorption onto

FHMD among principal anions is shown in Figure 5.16. PO4s and PO4c in Figure 5.16

represent phosphate ion in a simple solution (containing only phosphate ions), and in a

complex solution containing various anions at the same concentration respectively. As

shown in Figure 5.16, the affinity of anion adsorption onto FHMD in the complex

solution is in the order PO4>SO4>NO3>CO3>Cl. The amount of PO4c adsorbed onto

FHMD is more than four times that of SO4. It is postulated that the strong affinity of P

toward FHMD makes the amount of P adsorbed onto FHMD in the complex solution

only slightly less than in the simple solution (Figure 5.16). These results indicate that

FHMD preferentially adsorbs P and is a suitable adsorbent for P removal from lake

water.
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Figure 5.16 Selective phosphorus adsorption onto FHMD

5.3.4 XANES P L-Edge and K-Edge Spectra

Understanding how FHMD binds P during the process of P adsorption onto FHMD

requires a molecular-scale spectroscopic technique. In contrast to the molecular-scale

spectroscopic technique, the macroscopic adsorption kinetic studies cannot conclusively

determine reaction mechanisms and resolve molecular and atomic information (Sparks

2003; O’Reilly et al. 2001). Among a number of molecular-scale spectroscopic

techniques such as Fourier transform infrared (FTIR) and X-ray diffraction (XRD),

XANES has some unique advantages. The main advantages of XANES are that it is

element specific and nondestructure (no sample pretreatment required). Thus, in situ

qualitative structural information about the average local chemical environment can be
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elucidated by a fingerprinting technique of XANES spectroscopy. The fingerprinting

technique means that unknown samples are compared with a library of reference

compounds to find similarities.

In this research, XANES P analyses reveal that the resolution of the FY mode appears

higher than TEY, and the reproducibility of FY mode is always better than TEY. Thus,

all XANES P L-edge and K-edge spectra are recorded in the FY modes which are

shown in Figure 5.17a and 5.17b, respectively. The first peak a in P L-edge spectra

(Figure 5.17a) is due to the transition of P 2p electron to the 3s-like a1
* molecular

orbital; peak b is assigned to the transition of P 2p electrons to the 3p-like t2
* orbital; and

peak c is assigned to the transition of P 2p electrons to 3d-like e states (Li et al. 1995).

Chemical bonding between atoms can be explained by the hybridization process in

which a number of atomic orbitals are mixed to form the same number of hybrid

orbitals. The hybridization of Fe-3d, O-2p, and P-3p valence orbitals of FePO4 causes

the first peak a to be split into peaks a1 and a2 in the P L-edge spectrum of FePO4. As

seen in Figure 5.17a, P L-edge spectra of FHMD-Ps (0.5FHMD-P to 2.5FHMD-P)

resemble that of K2HPO4, which is the adsorbate to form FHMD-Ps. The spin-orbit

coupling resulting from the hybridization of valence orbitals is not observed in the pre-

edge region of the spectra of K2HPO4 or FHMD-Ps. The maximum analysis depth is

about 50 nm for P L-edge FY spectra (Varlot et al. 2001). Thus, the P is not precipitated

with Si-containing ferrihydrite of FHMD, but adsorbed onto the shallow surface layer of

FHMD.

All P K-edge spectra consist of one sharp peak a (Figure 5.17b) arising from an electron

transition from the 1s core level to the t2
* (p-like) antibonding orbital, and one relatively

weaker peak b that most likely corresponds to shape resonance or multiple scattering

(Yin et al. 1995). A pre-edge peak a is observed in the P K-edge spectrum of FePO4 in

Figure 5.17b. This pre-edge peak is due to electron configurations and electron

transitions at the X-ray absorption edge. This feature is one distinguishable

characteristic of FePO4 because the pre-edge peak is absent in the spectra of Al, K, Na,
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and Ca phosphates (Hesterberg et al. 1999). The lack of a pre-edge peak in Al, K and

Na phosphates is primarily due to the absence of d orbitals in Al, K, and Na (Khare et al.

2004). The P K-edge spectra of Ca phosphates exhibit a unique post-edge shoulder at

the higher energy side of the white line peak (Hesterberg et al. 1999). In contrast to

FePO4, the pre-edge peak is very weak in the K-edge spectra of the FHMD-P (Figure

5.17b). The weak pre-edge feature indicates that P is adsorbed on FHMD, not

precipitated with Fe (III), which is consistent with the results of phosphate adsorbed

onto goethite reported by Hesterberg et al. (1999). The maximum analysis depth for P

K-edge FY spectra is larger than 50 nm and calculated to reach 10 µm (Varlot et al.

2001). Thus, P is adsorbed onto the deeper surface layers of FHMD.

Therefore, Figure 5.17a and 5.17b demonstrate that P is adsorbed onto the surface of

FHMD regardless of either shallow surface layer or deeper surface layer. P adsorption

onto FHMD is expected not to reduce pH and buffering capacity of lake water.
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Figure 5.17 Phosphorus XANES spectra for adsorbed phosphate onto FHMD and synthesized ferrihydrite, (a) L-edge spectra of

FHMD-P; (b) K-edge spectra of FHMD-P
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5.4 Application of Ferrihydrite-Modified Diatomite to Phosphorus Control

5.4.1 Removal of Phosphorus from Lake Water

The percent removal of total phosphorus (TP) from the Jackfish lake water using FHMD

is shown in Figure 5.18a. The TP removal curve follows a saturation function. This

suggests the removal of P proceeds through an adsorption process between the surface

of FHMD and P; namely, the main mechanism of P removal from the lake water is P

coprecipitation by FHMD. As shown in Figure 5.18a, increasing the FHMD dose

increases the TP removal efficiency. An FHMD dose of 250 mg/L affords a TP removal

efficiency of 88% and leaves a residual TP concentration of 17.0 µg/L, which falls

within the oligotrophic TP range (3.0-17.7 µg/L) (Wetzel 2001). However, when the

dose of FHMD is greater than 300 mg/L, the TP removal efficiency is consistently

greater than 90% and the residual TP concentration is below 14.0 µg/L. Even if FHMD

achieves TP removal efficiencies greater than 90%, it is expected that FHMD can

further improve the P binding capacity of the sediment because the FHMD has not yet

reached the adsorption equilibrium state.

Figure 5.18b shows that a linear increase ( XY 00651.059.2  ) in dissolved Si is

highly correlated with an increasing dose of FHMD (R2=0.81, P<0.001). The increase

in dissolved Si could be attributed to the partial dissolution of SiO2 from the diatomite in

the lake water. Silica-limited diatom production increases as a result of increased silica

loading. In this study, the exponential growth of diatoms ( XLogY 00197.068.5  ,

R2=0.77 and P<0.001) due to the addition of FHMD is shown in Figure 5.18c. Diatom

growth consumes more P and then further decreases P concentration in the lake water

following P coprecipitation. More importantly, the stimulated diatom growth could

contribute to the control of unwanted cyanobacteria blooms, favourably shifting the

algae community from cyanobacteria- to diatom-dominant (Klapper 2003).
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Figure 5.18 (a) Total dissolved phosphorus removal curve; (b) dissolved Si;

(c) diatom growth

5.4.2 Sedimentation Rate

Phosphorus coprecipitation occurs when dissolved phosphorus is adsorbed onto the

solid surface and even incorporated as a minor component in a solid phase, then that

phase itself is settled (Drever 1988). FHMD has been demonstrated to be an effective

adsorbent for P due to its adsorption capacity of 37.3 mgP/g and a high affinity for P

(Xiong and Peng 2008b). Sufficient reaction time is required for the adsorption of

dissolved P and the coagulation and flocculation of particulate P onto the surface of

FHMD. Retention time and sedimentation rate of FHMD in lake water is critical for P

removal through P adsorption onto FHMD. Sedimentation rate (SR) is the rate at

which particles and colloids fall to the bottom of a tube over time. In this thesis,

sedimentation rate is represented by the following equation:
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Figure 5.19a shows the turbidity of lake water treated by FHMD returns to original lake

water values in 120 hours (5 days) (7.96 NTU for FHMD treated water vs. 7.57 for

original lake water), and is further reduced to 1.42 NTU in 144 hours (6 days). FHMD’s

net positive surface charge at the lake water pH of 8.55 plays a significant role in the

destabilization and aggregation of negatively charged colloids and sestons that contain

particulate organic phosphorus (HDR Engineering 2001). This indicates the coagulation

and flocculation of colloids and sestons initiated by the addition of FHMD contributes to

increased lake water clarity.

As shown in Figure 5.19b, the SR in lake water treated by FHMD is greater than lake

water treated by raw diatomite in the first 6 hours; both SRs are almost the same after 6

hours. FHMD is formed through ferrihydrite deposition into the diatomite pores. The

specific density of ferrihydrite and raw diatomite are reported to be ~3.8 and ~0.19

g/cm3, respectively. The higher specific density of FHMD results in its higher SR in the

first 6 hours. The same SRs after 6 hours should not be the SR of either FHMD or

diatomite, but may be the SR of natural colloids and sestons at 5 cm below the water

surface. FHMD appears to completely settle through the 5 cm water layer within 6

hours. As a result, the low sedimentation rate of FHMD is capable of providing

sufficient reaction time for P adsorption onto the surface of FHMD (72 hours are

required to reach the adsorption equilibrium (Xiong and Peng 2008b)) in 5.5 m of

Jackfish lake water column.
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Figure 5.19 Turbidity changes (a) and sedimentation rates (b) in lake water treated by raw diatomite and FHMD with time
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5.4.3 Anoxic Incubation of Lake Water and Sediment Treated by Ferrihydrite-

Modified Diatomite

Phosphorus release from sediments is very complicated, and is controlled by a series of

abiotic and biotic processes (Khoshmanesh et al. 2002), with dissolved oxygen (DO)

playing an important role. Under anoxic conditions, P stored in the surface sediment

can potentially become mobile. Fe3(PO4)2 dissolves following the reduction of Fe(III),

and results in the simultaneous release of Fe2+ and PO4
-. PO4

- diffuses into the sediment

porewater or upwards towards the overlying water. FeS and FeS2 are the terminal sinks

for Fe in anoxic sediments, thus excluding Fe as a reactive partner from the Fe-P-S

system (Gächter and Müller 2003). Under anoxic conditions, degradation of aerobic

bacteria leads to the mineralization of organic bound P where organic-P is degraded into

poly-P then hydrolyzed into orthophosphate.

To evaluate the effects of anoxia on P release from sediments and determine the optimal

dose of FHMD to remove P from lake water and bind P in sediments, lake water and

sediments were incubated for 30 days under anoxic conditions. Changes in SRP and TP

concentrations in the lake water without or with the addition of FHMD during this

period are shown in Figures 5.20a and 5.20b, respectively. The SRP concentration in

lake water without the addition of FHMD slightly decreases in the first two weeks from

24.6 to 19.6 µg/L; in the subsequent two weeks SRP concentration increases from 19.6

to 34.2 µg/L (Figure 5.20a). As shown in Figure 5.20b, the lake water TP concentration

shows a pronounced increase from 78.9 to 101.5 µg/L. The slight decrease in SRP

concentrations in the first two weeks is attributed to the seston sedimentation and the P

binding capacity of the sediment. The large increases in SRP and TP might have been

due to P release from sediments induced by the exhaustion of sediment P-binding

capacity and the mineralization of organic bound P under anoxic conditions, which

significantly influences P release from sediments.

As described in Section 5.4.1, TP removal efficiency achieved with a dose of FHMD

greater than 300 mg/L is above 90%. FHMD doses ranging from 300 to 600 mg/L were
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employed for the anoxic 30-day incubation. The maximum SRP and TP concentrations

in lake water treated by 300 mg/L of FHMD were 14.5 and 26.9 µg/L, respectively

(Figures 5.20a and b). The maximum SRP concentrations observed in the lake water

following treatment with 400, 500, and 600 mg/L of FHMD were less than 10 µg/L

(Figure 5.20a). In the lake water treated by 400, 500, or 600 mg/L of FHMD, the initial

TP concentrations were the highest observed during the 30-day incubation period, at less

than 15 µg/L (Figure 5.20b). Compared with the SRP and TP concentrations in

untreated lake water, SRP and TP in lake water treated by FHMD are markedly lower

during the anoxic 30-day incubation of lake water and sediment treated by FHMD. This

suggests that FHMD can not only remove P from the water column but also improve the

P binding capacity of sediment.

Figure 5.20a shows that SRP in lake water treated by 300 mg/L of FHMD increases with

incubation time; no change in SRP in lake water treated by 400 mg/L of FHMD was

observed, and SRP in lake water treated by 500 or 600 mg/L of FHMD decreased

slightly with time. The slight decrease in the SRP achieved by the 500 and 600 mg/L

FHMD doses might have been attributed to the extra binding capacity introduced by the

addition of large amounts of FHMD; the increase in the SRP of lake water treated with

300 mg/L of FHMD would have been attributed to the insufficient P binding capacity at

the low dose of FHMD. As seen in Figure 5.20b, TP concentration in lake water treated

by 300 mg/L of FHMD increases from an initial concentration of 17.1 µg/L to 26.9 µg/L

on day 30. The magnitude of this increase (9.8 µg/L) is much lower than the TP

increase observed in the control sample (22.6 µg/L). P released from sediments under

anoxic conditions is speculated to be bound by FHMD, so the magnitude of P release is

greatly reduced compared with the untreated sample. The spontaneous binding of labile

P by FHMD depends primarily on the adsorption and the total quantity of FHMD and on

the mobile-P pool in sediments. After the capacity of the FHMD is exhausted, further

labile P is released as demonstrated by the P release from the sediment treated by 300

mg/L of FHMD. During the 30-day incubation period, the TP concentration of lake

water treated by 400, 500, and 600 mg/L of FHMD decreased slightly, suggesting that

400, 500, and 600 mg/L of FHMD are sufficient to bind mobile-P in sediments. Thus,
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400 mg/L FHMD was determined to be the amount of FHMD required to remove P

from lake water and inhibit P release from sediment.
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Figure 5.20 Changes in soluble reactive phosphorus (SRP) concentrations (a) and total phosphorus (TP) concentrations (b) in the

lake water treated by FHMD in the 30-day anoxic incubation
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Fractional P composition of control and FHMD-treated sediments are shown in Figure

5.21. Interestingly, the addition of FHMD changes the sedimentary P pools. The labile-

P fraction of sediments treated with FHMD is significantly lower than control sediment.

The labile P fraction, also known as dissolved P in sediment pore water, is of particular

interest as this P form may be immediately available for phytoplankton growth and is

directly involved in P release from sediments. Dissolved P in sediment pore water is

speculated to be adsorbed by FHMD, resulting in a decrease in labile P concentrations.

The decreased labile P pools in sediments treated with FHMD decrease the extent of P

release from sediments and the amount of bioavailable P in sediments. The labile P

concentration in the sediment treated by 300 mg/L of FHMD is slightly higher than

those of sediments treated with doses greater than 400 mg/L of FHMD, which is

consistent with the above-mentioned finding that SRP and TP concentrations in lake

water treated by 300 mg/L of FHMD is higher than at other doses.

The Fe-P fractions in sediments treated with FHMD are significantly higher than control

sediments, which is consistent with a high amount of P adsorbed by FHMD from both

the lake water and sediment. The Fe-P fractions of sediments treated with FHMD at

concentrations of 400, 500, and 600 mg/L are higher than sediments treated with 300

mg/L of FHMD; however, Fe-P fractions in sediments treated with these doses of

FHMD do not show a marked increase with dose. This is consistent with the above-

described observation that a FHMD dose of 400 mg/L of FHMD yields comparable

results to doses of 500 or 600 mg/L.

Al-P fractions in sediments treated with FHMD are comparable to the control sediment,

except for a slight increase noted in sediments treated with 400, 500, and 600 mg/L of

FHMD. Al-P fractions are not redox sensitive and are consequently relatively stable in

lakes with anoxic hypolimnia, and are generally recognized as inert P (Rydin and

Welch, 1998). Similar Al-P fractions indicate that aluminium (hydr)oxides may be

exhausted with no further adsorption of P, or P is preferably adsorbed by FHMD.
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Organic-P fractions are decreased in FHMD-treated sediments compared with control

sediment. Organic-P is an important portion of P in sediments and is potentially

bioavailable to algae (Zhou et al. 2008). Organic-P pools decrease with the addition of

FHMD; FHMD is speculated to promote the mineralization of organic matter and

further adsorbs the released P. Rydin and Welch (1998) report that organic-P, the

largest pool in Lake Vallentuna sediments, did not decline after adding surplus alum.

Ca-P and residue-P fractions in FHMD-treated sediments are not significantly different

than control sediments. The Ca-P fraction is generally recognized as a refractory P

fraction because P is incorporated into the crystal structure of Ca minerals, forming Ca-

P minerals such as hydroxyle apatite (Ca5(OH)(PO4)3) and dicalcium phosphate

(CaHPO4.2H2O) (Berg et al., 2004). Residue-P comprises mainly refractory organic P

as well as an inert inorganic P fraction (Rydin 2000).
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Figure 5.21 Phosphorus composition of control and FHMD-treated sediments
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5.4.4 Anoxic Incubation of Lake Water and Sediment Treated by Ferrihydrite-

Modified Diatomite and Alum

P inactivation by aluminium sulphate (alum) addition is a common chemical treatment

for limiting P release from sediments (Hullebusch et al. 2002). P in sediments is

adsorbed by flocs of aluminium (hydr)oxides that are formed through alum hydrolysis at

pH 6 to 8 and have a high capacity to adsorb large amounts of inorganic P (Steinman et

al. 2004). Al-P is generally recognized as a relatively inert P that is more stable than

mobile P. The Al-P fraction increases markedly and becomes a major part of

sedimentary P through the following processes associated with alum addition. Labile P

including original labile P dissolves in interstitial water, P derived from mineralization

of organic-P, and P produced from ferric phosphate reduction can be adsorbed onto the

surface of aluminium hydroxide precipitates. Aluminium (hydr)oxides and ferric

(hydr)oxides are two primary natural P adsorbents in lake sediments. Competition

between these two adsorbents for P from sediments could occur especially when both

are present in similar amounts. FHMD is an effective P adsorbent with a specific

surface area of 211.1 m2/g and a strong affinity for P (Xiong and Peng 2008b). FHMD

has been demonstrated to have a high P-binding capability under anoxic conditions.

Investigating the performance of FHMD on binding P in the presence of alum is

essential for evaluating the stability of the P-binding ability of FHMD under anoxic

conditions.

Alum solutions with logarithmic ratios of Al to mobile P + coprecipitated P of 0, 0.5,

0.8, 1.1, 1.4 and 1.7 were added to lake water and sediments treated with 400 mg/L of

FHMD and incubated in the dark at room temperature under anoxic condition for 30

days. As shown in Figure 5.22a and 5.22b, SRP and TP show a similar decreasing trend

over time during the incubation. SRP concentration decreased from a mean of 6.9 µg/L

on day 1 to a mean of 1.9 µg/L on day 30; TP concentration decreased from a mean of

16.0 µg/L to a mean of 10.0 µg/L on day 30. Decreasing P concentrations in lake water

indicate the effectiveness of both FHMD and alum in inactivating P and limiting P

release from sediments. The magnitude of the P reduction over the entire incubation
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period suggests the effect of FHMD on limiting P release is comparable to FHMD and

alum solutions with logarithmic ratios of Al to mobile P of 0.5 and 0.8. Either the P-

binding capacity of FHMD remains stable in the presence of alum or if P translocates

from FHMD to alum should be further revealed by the analysis of the composition of

sedimentary P. The combined treatment of FHMD and alum at logarithmic ratios of Al

to mobile P of 1.1, 1.4, and 1.7 performed better with respect to P removal, and is

attributed to surplus alum. The surplus Al3+ ions diffuse into the lake water and react

with phosphate to form AlPO4, or hydrolyze with hydroxyl ions (OH-) to form Al(OH)3,

which can adsorb P from lake water (Rydin and Welch 1998).
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Figure 5.22 Changes in soluble reactive phosphorus (SRP) concentrations (a) and total phosphorus (TP) concentrations (b) in lake

water in the 30-day anoxic incubation of lake water and sediment treatment with FHMD and alum
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P compositions of control sediment (400 mg/L FHMD only) and treated (400 mg/L

FHMD and alum) sediments are shown in Figure 5.23. The labile-P fraction in

sediments treated at logarithmic ratios of Al to mobile P of 0.5, 0.8, and 1.1 were low

but comparable to controls; however, the labile-P fraction in sediments treated at

logarithmic ratios of Al to mobile P of 1.4 and 1.7 are almost zero. This indicates that

dissolved P in sediment pore water is preferably adsorbed by the high amounts of

aluminum (hydr)oxides. As mentioned before, this labile P fraction is considered to be

readily available to phytoplankton. Fe-P fractions in sediments treated at logarithmic

ratios of Al to mobile P of 0.5 and 0.8 are comparable to control sediments. Fe-P

fractions decrease with alum dose at logarithmic ratios of Al to mobile P of 1.1, 1.4, and

1.7. This suggests FHMD strongly binds P at alum doses less than or equal to

logarithmic ratios of Al to mobile P of 0.8, but at higher logarithmic ratios P

translocation from Fe-P to Al-P occurs. The strong P binding by FHMD at the lower

logarithmic ratios agrees with the observation above that the ability of FHMD to limit P

release is comparable to combined effects of FHMD and alum solutions at the lower

logarithmic ratios of Al to mobile P of 0.5 or 0.8. Al-P fractions in treated sediments

increase with the alum dose, which can be attributed to the increase of aluminium

(hydr)oxides produced by the hydrolysis of alum. Organic-P fractions in treated

sediments decrease with the alum dose, which suggests that the increased aluminium

(hydr)oxides can promote the translocation of P from organic-P to Al-P under anoxic

conditions. Comparison of control and treated sediments do not indicate clear trends

with respect to Ca-P and residue-P fractions. As described before, Ca-P and residue-P

fractions are recognized as refractory sedimentary P fractions, and remain stable during

the sediment inactivation process.
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Figure 5.23 Sediment phosphorus compositions of control (400 mg/L FHMD only)

and treated (400 mg/L FHMD and alum) sediments

5.4.5 Anoxic and Oxic Agitation

Under windy conditions, waves are produced and water currents move across the lake

surface, resulting in the orbital movement of water particles at the surface. Wind

produces not only the typical waves and currents observed at the surface of lakes but

also induces much larger internal waves. When the height of an internal wave generated

by wind-driven agitation is large enough, the orbital motion of water particles creates a

shear stress on the lake sediment (Kalff 2002). When great enough, the shear stress

moves the sediment particles and interstitial water to the water column (Laenen and

LeTourneau 1996), leading to P release from sediments, turbidity increase, and

inhibition of light penetration and primary production (Qin et al. 2004). Thus, sealing

sediments to stabilize the sediment-water interface is essential for limiting the P release

that results from bottom sediment resuspension. The addition of common sealing

materials such as sand, clay, gravel, and silt can result in a large decrease in lake volume
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and accelerates the lake aging process (Salonen and Varjo 2000). A more effective

sealing material is therefore required to improve the success of in situ sediment sealing

technologies. Gypsum was chosen to seal sediments in this study. Gypsum is a natural

mineral with a specific gravity of approximately 2.3, and is expected to act as a sticky,

low-density, physical barrier (Salonen and Varjo 2000). An in vivo experiemt was

reported in Salonen and Varjo (2000) that gypsum was shovelled into the 5 m diameter

test basins in Lake Enäjärvi located in southern Finland. This experiment found that the

sticky gypsum layer not only prevents sediment resuspension and methanobacterial

ebullition which are the main agents transporting P through the sediment/water interface

but also improves the P-binding capacity of the sediment. Salonen and Varjo (2000)

recommended the gypsum sealing as a promising lake sediment restoration technique.

Negative effects of the gypsum sealing technique on benthic biota have not been

reported yet. Thus, gypsum layers with different thicknesses (0.5, 0.8, 1, 1.2 cm) were

tested.

The effects of agitation on turbidity of samples treated with FHMD and gypsum under

anoxic and oxic conditions are shown in Figures 5.24a and 5.24b, respectively. Samples

were agitated at 60 rpm from 0-12 hours, at 100 rpm from 24-36 hours, and 130 rpm

from 48-60 hours. The samples were allowed to settle in the agitation intervals (i.e., 12-

24 hours, 36-48 hours, and 60-72 hours). Lake water turbidity decreased slightly in the

period from 0 to 48 hours. During the period from 0-48 hours, the agitation rates were

60 and 100 rpm. At agitation rates less than 100 rpm, no obvious sediment resuspension

was observed, and particle sedimentation results in a decrease in water turbidity. In

contrast, when the agitation rate was increased to 130 rpm, a distinct sediment

resuspension was observed in the control sample without gypsum. The maximum

turbidity observed in controls (sediment without gypsum layer) exceeds the maximum

detection limit (1000 NTU) of the 2100 P Turbidimeter. However, Figures 5.24a and b

show that gypsum effectively limits sediment resuspension resulting from agitation.

The maximum turbidity in samples where sediments were sealed with a gypsum layer

was 85.3 NTU under anoxic conditions and 104.3 NTU under oxic conditions. When

the gypsum was added to the lake water, it settled to the bottom and accumulated on the
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sediment to form a sticky layer. The sticky gypsum layer resists the force applied to the

sediment by the agitating movement, thereby inhibiting sediment resuspension.

P exchange between the solid and solution phases is dependent on the P equilibrium

between the phases (Koski-Vähälä et al. 2001). When a given amount of suspended

sediment solids are mixed with an increasing volume of solution due to sediment

resuspension, the P mobilization potential of the suspended material markedly increases,

thereby increasing the P concentration in the solution. The effects of agitation on SRP

of samples treated with FHMD and gypsum under anoxic and oxic conditions are shown

in Figures 5.24c and 5.24d. As seen in Figure 5.24c, after agitation at less than 100 rpm

in anoxic conditions, SRP values of samples treated with 0.8, 1, and 1.2 cm gypsum

layers remained lower than samples treated with 0 (control) and 0.5 cm thick gypsum

layers. After agitation at 130 rpm, the SRP of the control sample increased to 18.5 g/L,

far above values from samples treated with gypsum. SRP concentrations of samples

with 0.8, 1, and 1.2 cm thick gypsum layers were substantially lower than samples with

0.5 cm thick gypsum layer. As seen in Figure 5.24d, after agitation at less than 100 rpm

in oxic conditions, the SRP values of all samples continued to drop to below initial

values. With agitation at 130 rpm, the SRP value for the control sample increased from

3.1 g/L to 13 g/L, a much larger increase than observed in samples treated with

gypsum. The SRP of the sample with a 0.5 cm thick gypsum layer rose to 10.4 g/L,

higher than values of samples with 0.8, 1, and 1.2 cm thick gypsum layers (6.9, 6.4, and

6.5 g/L), which remained below their initial values.

The agitation rate of 130 rpm had the most pronounced effect on sediment resuspension

in samples without gypsum. However, even at this agitation speed, the turbidity and

SRP concentration in samples treated with gypsum were much lower than controls.

Thus, a sticky gypsum layer effectively stabilizes the sediment surface, prevents

sediment resuspension, and consequently limits P release from sediments. Under both

anoxic and oxic conditions, the turbidity and SRP concentration of the samples treated
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with a 0.8 cm thick gypsum layer were the lowest, indicating 0.8 cm is the optimal

gypsum layer thickness for stabilizing the sediment surface.
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Figure 5.24 Effects of agitation on (a) turbidity under anoxic conditions; (b) turbidity under oxic conditions; (c) SRP under anoxic

conditions; and (d) SRP under oxic conditions
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5.4.6 Anoxic and Oxic Incubations

A lack of stable long-term thermal stratification is one of the features of shallow lakes

(Cooke et al. 1986). Short lasting thermal stratification can form under calm, warm

weather conditions, and can be readily disrupted by wind action. In temporary

stratification, DO stored in the hypolimnion can be rapidly consumed by microbial

activity because shallow lakes have a low oxygen storage capacity (Ruley and Rusch

2004). A subsequent breakdown of stratification due to wind-induced turbulence

improves the diffusion rate of oxygen across the water surface and introduces DO into

anoxic bottom waters through the water circulation (Kalff 2002). Changes between

anoxic and oxic conditions frequently occur in shallow lakes in summer. As discussed

previously, dissolved oxygen (DO) plays a significant role in P release from sediments.

Thus, it is necessary to investigate P release from sediments treated with FHMD and

gypsum under either anoxic or oxic conditions.

Experiments described above determined the optimal dose of FHMD for removal of P

from lake water and improving the P binding capacity of sediments to be 400 mg/L.

The optimal thickness of gypsum applied to stabilize the sediment was determined to be

0.8 cm. Thus, lake water and sediment treated with 400 mg/L of FHMD and a 0.8-cm-

thick gypsum layer were incubated under either anoxic or oxic conditions for 30 days.

Changes in TP in lake water during the incubation time under anoxic and oxic

conditions are shown in Figures 5.25a and b, respectively. During the 30-day incubation

period, TP concentration decreased with time in both oxic and anoxic conditions. The

initial TP concentrations in the anoxic and oxic incubations were 14 and 15.8 µg/L,

respectively. On day 30, final TP concentrations in the anoxic and oxic incubations

were 10.8 and 9.5 µg/L, respectively. The more pronounced decrease in TP under oxic

(6.3 µg/L) vs. anoxic (3.2 µg/L) conditions could be attributed to the formation of more

Fe3+ particulate and subsequent precipitation of P, P uptake by sediment bacteria, and/or

lower initial TP concentrations in the anoxic incubation. Under oxic conditions, more

ferric iron ions are formed in lake water (Braun 1997). When P is present, P and Fe(III)

particulates coprecipitate, either as FePO4 or adsorb onto ferric oxides and ferric
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hydroxides (Griffith et al. 1973). Under oxic conditions, poly-P accumulating

organisms in sediment take up orthophosphate and store it as poly-P in cells

(Khoshmanesh et al. 2002). For lake water and sediment treated with FHMD and

gypsum, no P release seems to occur regardless of oxic or anoxic conditions. Oxic

conditions are more favourable for P retention in sediments than anoxic conditions.



1
33

1
33

1
33

1
33

0 5 10 15 20 25 30 35
0

2

4

6

8

10

12

14

16

18

20
T

o
ta

l
P

h
o

s
p

h
o

ru
s

(

g

/L
)

Time (days)

0 5 10 15 20 25 30 35
0

2

4

6

8

10

12

14

16

18

20

T
o

ta
l

P
h

o
s

p
h

o
ru

s
(

g

/L
)

Time (days)

(a) (b)

Figure 5.25 Changes in total phosphorus (TP) concentrations in lake water with the incubation time under anoxic (a) and oxic (b)

conditions
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5.4.7 Phosphorus Control in an Artificial Aquarium

As described in Chapter 4, three artificial aquariums (one control, two treated with

identical conditions) were established in an environmental chamber to investigate the

effects of the application of FHMD and gypsum on P control. The aquariums did not

receive any external nutrient input. Pure nitrogen was introduced at approximately 1 cm

above the aquarium sediments to produce anoxic conditions. A metal grid oscillated

vertically in the aquariums for 15 minutes every day to produce an internal wave. The

aquariums were set up to simulate critical environmental conditions in shallow lakes,

including oxygen depletion during periods of temporary thermal stratification and

sediment resuspension associated with periods of overturn. These two environmental

conditions are also critical for P release from the sediments. P release from the

sediments can occur via two different mechanisms: 1) release at the sediment-water

interface during periods of anoxia or hypoxia, and the subsequent diffusion of dissolved

P into the water column; and 2) wind-induced resuspension at the sediment surface,

whereby either the sediment pore water P can be released into the water column or the P

adsorbed to sediment particles can desorb into the water column (Steinman et al. 2004).

5.4.7.1 Changes in dissolved oxygen in the aquariums

To simulate anoxic conditions caused by temporary thermal stratification in shallow

lakes, pure nitrogen was introduced at a depth of 1 cm above the sediments of the three

aquariums for five minutes to maintain anoxic conditions (DO < 1 mg/L; Ruane and

Mobley 2002). As shown in Figure 5.26, DO levels in both the control and the

treatment aquariums dropped to less than 1 mg/L after the 28th day. DO levels in the

treatment aquarium represented in Figure 5.26 are the average of DO levels in the two

test aquariums. During the first 28 days, DO levels in the three aquariums dropped

dramatically from 7.4 and 7.6 mg/L to 0.93 and 1 mg/L, respectively. During the period

from 28-120 days, DO levels in the control aquarium and the treatment aquariums

gradually decrease from 0.84 and 0.89 mg/L to 0.5 and 0.54 mg/L, respectively. The

slow decrease in the DO level is ascribed to both the 5-minute addition of nitrogen and
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the vertical oscillation of the metal grid in the aquariums. A rapid decrease in DO levels

can lead to the mortality of lake biota. The water movement induced by the metal grid

oscillation enhanced the rate of oxygen dissolution into the water from the air and

facilitated the exchange of oxygen rich water at the surface with water from depth

containing less oxygen. During the 120 day period, a decrease in DO in all three

aquariums is representative of DO variation in a lake.
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Figure 5.26 Changes in dissolved oxygen in control and treatment aquariums with the

addition of nitrogen

5.4.7.2 Changes in the concentration of total suspended solids

Figure 5.27 illustrates that the oscillation occurring on day 1 caused a higher total

suspended solids (TSS) concentration in the control aquarium (127 mg/L) than in the

treatment aquariums (5 mg/L). The TSS concentration in the treatment aquarium

represents the average of TSS concentrations in two treatment aquariums. The
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oscillation of the metal grid had pronounced effects on sediment resuspension in the

control aquarium. As a result of sediment resuspension, numerous sediment particulates

were observed floating in the water column. Daily oscillation of the metal grid

produced an accumulation of suspended solids and a consequent increase in the TSS

concentration (Figure 5.27). The TSS concentration in the control aquarium increased

from 127 to 725 mg/L over the 120 day incubation period. However, the TSS

concentration in the treatment aquarium only rose from 5 to 25 mg/L, demonstrating that

the 0.8 cm-thick gypsum layer effectively reduced the effect of the oscillation on

sediment resuspension.
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Figure 5.27 Changes of total suspended solids (TSS) concentration in the control and

treatment aquariums

5.4.7.3 Changes in sulphate concentration

Figure 5.28 indicates that after 120 days of incubation, SO4
2- concentrations in the lake

water in the control aquarium decreased slightly from the 0.95 to 0.82 g/L; this was
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attributed to sulphate ions acting as electron acceptors to oxidize organic matter under

anoxic conditions. Products of SO4
2- reduction, such as S- and S2-, can react with ferrous

iron to form permanent sinks of iron, such as FeS2 and FeS. This can stimulate ferric

reduction, so more P bound by colloidal iron in the water and more Fe-P in the

suspended sediment particles would be released to the water. The SO4
2- concentration

was relatively stable in the treatment aquariums during the 120 day incubation. The

mean SO4
2- concentration in the treatment aquarium (1.82 g/L) was 1 g/L higher than in

the control aquarium, and was attributed to the partial dissolution of gypsum in the

water. The relatively stable SO4
2- concentration indicates that SO4

2- ions in the sediment

and water reach equilibrium. SO4
2- ions diffusing into the water from the sediment

could compensate for the consumption of SO4
2- ions in the water as an electron acceptor

under anoxic conditions and/or as a reactant contributing to particulate formation.
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2-) concentrations in the control and treatment

aquariums
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5.4.7.4 Changes in total kjeldahl nitrogen concentration

As shown in Figure 5.29, total kjeldahl nitrogen (TKN) concentrations do not

substantially differ between the control and treatment aquariums. TKN is a combination

of organically bound nitrogen and ammonia. The similar TKN concentrations suggest

that FHMD and gypsum cannot remove organically bound nitrogen and ammonia.

Moreover, as discussed above (Section 5.3.3), FHMD shows a higher affinity for P than

for nitrate (NO3
-). Thus, FHMD does not seem to have a strong capacity to remove total

nitrogen. This means that application of FHMD could result in an increase in the N:P

ratio by removing P but not N, thereby reinforcing P limitations. N-fixing cyanobacteria

are favoured under low-nitrogen conditions (Kalff 2002), which means that abundant N

could limit the growth of N-fixing cyanobacteria. When FHMD and gypsum are applied

to a eutrophic lake in spring, it is speculated that magnitude of the bloom of N-fixing

cyanobacteria could be reduced in summer.
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Figure 5.29 Changes in the total kjeldahl nitrogen (TKN) concentrations in the

control and treatment aquariums
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5.4.7.5 Changes in dissolved Si concentration

Dissolved Si concentrations in the treatment aquariums were stable (Fig. 5.30), and are

attributed to the combined effect of reduced sediment resuspension and low diatom Si

uptake. As discussed above, the sticky gypsum layer effectively limited sediment

resuspension caused by the oscillation of the metal grid. Reduced sediment

resuspension results in low Si release from the sediment and only small increases in

dissolved Si concentrations in the lake water. The limited P level in the lake water due

to P removal by FHMD, P inactivation by FHMD, and reduced sediment resuspension

by gypsum (discussed in a later Section) hinders the growth of phytoplankton, including

diatoms, and therefore reduces their Si uptake. Thus, when the supply of Si from the

sediment and the uptake of Si by the diatoms reach equilibrium, the dissolved Si

concentration in the lake water remains stable.

In contrast, dissolved Si concentration in the control aquarium increased over the first 32

days, remained stable during the period from 32-72 days, then decreased in the period

from 72-120 days. The initial increase is ascribed to Si supplied from sediment due to

resuspension. The increased Si concentration, optimum temperature for diatom growth,

and increased P concentration (discussed in a later Section) then promoted the growth of

diatoms which consumed some of the dissolved Si. When the Si supply from the

sediment and the Si uptake by the diatoms reached equilibrium, the dissolved Si

concentration remained stable (period from 32-72 days). When the Si uptake by the

diatoms continued to increase, the dissolved Si concentration began to drop (period from

72-120 days). Although the dissolved Si concentration in the control aquarium

fluctuated during the incubation period, the dissolved Si concentration in the treatment

aquariums was markedly higher (Figure 5.30), and was attributed to the partial

dissolution of diatomite of FHMD.
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Figure 5.30 Changes in the dissolved Si concentrations in the control and treatment

aquariums

5.4.7.6 Changes in diatom concentration

Figure 5.31 illustrates trends in diatom concentrations, which decreased in both the

control and treatment aquariums over the 120-day incubation period. This decrease is

mainly attributed to diatom sedimentation. To determine diatom concentrations in the

lake water without interference from suspended sediment particles, water samples were

collected three hours after the 15-minute oscillation of the metal grid. As the specific

density of diatom frustules is nearly twice that of water, diatoms can be quickly lost

through sedimentation under calm weather conditions (Kalff 2002).
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Figure 5.31 Changes in diatom concentration in the control and treatment aquariums

5.4.7.7 Changes in total alkalinity and pH

As shown in Figure 5.32a, total alkalinity in the treatment aquarium showed minor

fluctuations around 344 mgCaCO3/L. The relatively stable alkalinity in the treatment

aquarium may be due to limited sediment resuspension. However, total alkalinity in the

control aquarium increased over the first 28 days, and then decreased for the remaining

incubation time. Changes in alkalinity in the control aquarium can be attributed to

sediment resuspension. Salt ions contained in the surface sediment are released into the

water with sediment resuspension, thereby increasing alkalinity in water. With the onset

of anoxic conditions on the 28th day (see Section 5.4.7.1) was sediment acidification.

When acidified surface sediment is introduced into the water column, total alkalinity in

water will decrease. Moreover, higher alkalinity in the treatment aquarium is due to the

addition of FHMD and gypsum.
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Correspondingly, as seen in Figure 5.32b, higher pH in the treatment aquarium is

attributed to the addition of FHMD and gypsum. As shown in Figure 5.32b, pH values

in the control and treatment aquariums remain stable as a total alkalinity of more than

100 mgCaCO3/L is able to stabilize the pH value in the water.
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Figure 5.32 Changes in the total alkalinity (a) and pH (b) in the control and treatment aquariums
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5.4.7.8 Changes in total phosphorus concentration

TP levels in the control aquarium increased during the incubation period (Figure 5.33).

The continuous increase in TP values is attributed to anoxic conditions and sediment

resuspension. Under anoxic conditions, Fe-P complexes break down as the iron is

reduced from ferric ions to ferrous ions, and P bound by iron is transformed into labile P.

Organically bound P is also transformed into labile P due to the decomposition of

organic matter under anoxic conditions. Under calm conditions, labile P dissolved in

sediment pore water is diffused into the overlying water. Due to the internal wave

caused by the metal grid oscillation, surface sediment is resuspended into the water. P

bound to suspended sediment particles is desorbed because of the large ratio of water

volume to particle mass.

TP levels in the control aquarium increased from an initial concentration of 108.3 µg/L

to a final concentration of 174.2 µg/L. The final TP concentration is well above

concentration needed to sustain hypereutrophic levels (Wetzel 2001). External nutrient

sources were excluded from the aquariums, and therefore the internal P loading (P

release from sediment into the overlying water) in the control aquarium was itself high

enough to produce an increase in the TP concentration over the 120 day period. This

finding further supports the notion before that, even if external P sources are completely

excluded, lake recovery will not occur without controlling the internal P loading. No

large cyanobacterial bloom was observed in the control aquarium despite TP levels

rising from eutrophic to hypereutrophic. This is attributed to the low ambient

temperature of 11 °C, which while optimal temperature for diatom growth is too cold for

cyanobacterial growth (Konopka and Brock 1978). If the ambient temperature had been

set to a more optimal temperature for cyanobacteria, the formation of a cyanobacterial

bloom would have been expected.

In contrast to the continuous increase in TP concentrations in the control aquarium, TP

levels in the treatment aquarium remained relatively stable and fluctuated within the

range from 9.1-13.3 µg/L. This range is indicative of oligotrophic conditions and at a



145

limiting level for phytoplankton growth. Due to P removal by FHMD from the lake

water, the P inactivation by FHMD in the sediment, and limited sediment resuspension

by the sticky gypsum layer, the TP level in the lake water was reduced from an original

value of 108.3 µg/L (eutrophic) to 12.9 µg/L (oligotrophic). Thus, the application of

FHMD and gypsum is effective in the P control under anoxic conditions and in

conditions favouring sediment resuspension. Anoxic conditions and sediment

resuspension simulate environmental conditions in shallow lakes that result in self-

accelerated eutrophication. As mentioned above, no external P source was employed in

the aquarium experiments, demonstrating that FHMD and gypsum can be used for the

control of eutrophication in shallow lakes without external nutrient sources.
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Figure 5.33 Changes in total phosphorus (TP) concentrations in the control and

treatment aquariums

5.4.7.9 Changes in the depth profiles of sediment phosphorus fractions

The depth profiles of sediment P fractions in control sediment, and sediments from the

treated aquarium at 60 and 120 days are shown in Figures 5.34a, b, and c, respectively.
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As shown in Figure 5.34a, labile-P in the control aquarium sediment in general

decreased with increasing depth. The water content of sediment usually decreases with

sediment depth as a result of sediment compaction (Meadows et al. 2000). Thus, the

concentration of dissolved P in deeper pore water is initially higher than in surficial pore

water. The concentration gradient of labile P between the surface sediment layer and

deeper sediment layers leads to labile-P diffusion from the bottom to the top of sediment

and an absolute amount decrease as a function of depth. Accordingly, the Fe-P sediment

fraction in the control aquarium displays a concentration decrease as a function of

sediment depth. Sediment oxygen content decreases drastically with depth until it

reaches depletion. Thus, the redox potential (Eh) values of sediment decrease with

increasing sediment depth (Meadows et al. 2000). In the deeper sediments with low

redox potential, Fe-P can be transformed into labile-P due to Fe(III) reduction, after

which labile-P diffuses into the upper sediment layers. Compared to labile-P, and Fe-P,

Al-P and organic-P are relatively stable. Al-P is a relatively refractory pool, which is

supported by the finding of Rydin (2000) at Lake Erken where the Al-P concentration

remained fairly constant throughout the sediment profile. Ca-P and residue-P increased

with the sediment depth. Ca-P and residue-P are refractory pools and are diagenetic

minerals, the precipitation of which is very common in nature.

As shown in Figure 5.34b, after 60 days, labile P in the treated sediments decreased with

the sediment depth for the reasons described above. However, Fe-P was significantly

elevated relative to control sediment. FHMD settling in the sediment not only adsorbs P

from the water column but also continues to adsorb P from sediment, thereby causing

the pronounced increase in Fe-P pools. The Fe-P sediment depth profile shows that the

Fe-P concentration is the greatest at 2 cm depth due to the FHMD that settled on the

near-surface sediment. Al-P is relatively stable; however, after 60 days, the Al-P in the

treated sediment was lower than the control sediment. Lower Al-P can be attributed to a

competition between FHMD and Al (hydr)oxides for P. As FHMD was present in

significantly greater amounts than Al (hydr)oxides, P is preferentially adsorbed by

FHMD. After 60 days, organic-P in the treated sediment had decreased as a function of

sediment depth. The mineralization of organic matter is facilitated by anoxic conditions
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and the activity of sulphate-reducing bacterial (SRB) stimulated by the presence of the

gypsum. The mineralization of organic matter facilitates transformation from organic-P

to labile-P, after which labile-P diffuses into the upper sediment layers. Ca-P and

residue-P increase with the sediment depth for the reasons described above.

After 120 days, labile-P in the treated sediment was significantly lower than at 60 days

or in the control sediment (Figure 5.34c). Fe-P was unchanged relative to values from

60 days. The highest Fe-P concentrations were still found in surface and near surface

sediments, which demonstrates the strong P binding capacity of FHMD and the stability

of FHMD under anoxic conditions. Al-P was also largely unchanged from 60 day

values. Organic-P decreases as a function of the sediment depth as per the mechanism

described above. Ca-P and residue-P continued to increase with the sediment depth

throughout the 120 days.
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Figure 5.34 Sedimentary phosphorus depth profile in (a) control sediments, and treated sediments after (b) 60 and (c) 120 days
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Chapter 6 – Conclusions and Recommendations

6.1 Conclusions

Eutrophication is often accompanied by cyanobacterial blooms and is a serious

worldwide environmental problem. In-lake P control methods are commonly utilized to

supplement removal of external nutrient sources and accelerate the reversal of the

eutrophication process. Among a number of in-lake P control methods, P

coprecipitation has been widely studied and tested since the 1970s. Until now, however,

very few coprecipitants have been successfully developed. A new P coprecipitant,

ferrihydrite-modified diatomite (FHMD), was developed in this research.

The primary objectives of this research were: to develop and characterize FHMD; to

study the P adsorption behaviour and P adsorption mechanism of FHMD; to employ

FHMD to remove P from lake water and limit P release from sediment under anoxic

conditions; and to evaluate the effect of FHMD and gypsum on P control in a lab-scale

simulation of a shallow lake. Strengths and unique advantages of this research are:

 Diatomite was creatively utilized in the development and application of FHMD.

Diatomite provides dissolved Si for the formation of stabilized Si-containing

ferrihydrite following a NaOH treatment of raw diatomite. Concurrently, porous

diatomite acts as a carrier for ferrihydrite deposition. Furthermore, the mesopores

and macropores of the diatomite provide the adsorbates with easy access to inner

micropores, thereby increasing the rate of P adsorption onto FHMD.

 A new method to integrate a chemical P coprecipitation process with biological

diatom P uptake was used for removal of P from lake water by FHMD. The high

specific surface area and high P adsorption capacity of FHMD is capable of not only

adsorbing a large amount of P from lake water but also stimulating diatom growth by
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providing a supply of dissolved Si. Promoted diatom growth results in a larger scale

spring diatom bloom and increased P consumption, thereby decreasing the strength of

the subsequent summer cyanobacterial bloom. This can alter the algae community to

a more suitable diatom-dominant vs. cyanobacteria-dominant.

 A new combination of FHMD and gypsum was used to limit P release from

sediments under anoxic conditions and sediment resuspension in shallow lakes.

FHMD was found capable of binding P in anoxic sediments, and gypsum was found

effective in reducing sediment suspension. FHMD can be applied alone in deep lakes

for P removal from the water column and to limit P release from anoxic sediments.

However, in shallow lakes with associated wind-driven sediment resuspension,

gypsum is required to stabilize the interface between the overlying water and the

sediment.

The following conclusions can be drawn on the basis of the results of the research:

 Surface SiO2 of diatomite is partially dissolved in the NaOH solution with stirring

and heating. The dissolved Si contributes, through Si-O-Fe bonding, to the formation

of stable 2-line Si-containing ferrihydrite that deposits into the larger macropores and

mesopores of diatomite. The filling of the macropores and mesopores results in a

significant increase in the specific surface area relative to unprocessed diatomite.

Surface modification by 2-line ferrihydrite increases not only the specific surface

area but also the surface charge.

 The higher crystallinity of ferrihydrite exerts a detrimental effect on the specific

surface area of FHMD. The degree of crystallinity of ferrihydrite increases with

increasing FeCl2 amount, decreases with increasing NaOH amount, and increases

greatly with higher calcination temperatures. Optimum formation parameters for the

least crystalline ferrihydrite of FHMD are 0.5 M FeCl2, 6 M NaOH solution, and a

drying temperature of 50 °C.

 FHMD shows a high P adsorption capacity of 37.3 mgP/g at pH 4 as well as a

significantly higher affinity for P compared with other anions. P is adsorbed onto
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both shallow surface layer and deeper surface layer of FHMD. P is not precipitated

with Fe(III) of ferrihydrite of FHMD.

 A dose of 400 mg/L of FHMD affords a P removal efficiency of 93% through P

adsorption and stimulated diatom growth (by providing a supply of dissolved Si).

Moreover, 400 mg/L of FHMD can effectively inactivate P in sediments and limit P

release from anoxic sediments during a 30-day anoxic incubation period. The Fe-P

pool in sediments treated with FHMD is significantly promoted and does not

transform into Al-P because FHMD retains a strong P binding capacity under anoxic

conditions.

 Gypsum can effectively reduce sediment resuspension; the optimum thickness of the

gypsum layer was determined to be 0.8 cm. For lake water and sediment treated with

FHMD and gypsum, no sediment P release seems to occur regardless of oxic or

anoxic conditions.

 A lab-scale artificial aquarium was established to simulate temporary anoxic

conditions and subsequent sediment resuspension in shallow lakes. After treatment

with FHMD and gypsum combined, TP levels remained within the oligotrophic

range. Regardless of high Si concentrations, diatom concentrations dropped during

the 120-day incubation period due to the limiting level of P as well as diatom

sedimentation. The combined application of FHMD and gypsum increased SO4
2-

concentrations and total alkalinity, but did not affect TKN concentrations. Labile P

was much lower in the sediment of the treatment vs. control aquarium. However, Fe-

P was markedly increased in the treatment aquarium sediment compared with the

control.

6.2 Recommendations

A few recommendations for possible future studies are given as follows:

 Ecological effects on aquatic species must be considered in any program for

eutrophication control. The ecological effects of the application of FHMD and

gypsum in a real lake should be evaluated in a future study.
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 Ferrihydrite-modified diatomite (FHMD) has been demonstrated to be an effective P

adsorbent having a high P adsorption capacity. Although FHMD can be employed

for P removal from the water column and P inactivation of sediments, FHMD can be

also utilized for P removal from wastewater through P adsorption. Biological P

removal, a common P removal method, is still limited; further improvement should

aim to stabilize conditions as system performance is sensitive to biological conditions

and wastewater composition. Adsorption after biological treatment has been also

considered as an alternative to remove P effectively as adsorption processes operate

simply, produce little sludge, and enable P recovery. Batch- and bench-scale P

adsorption experiments using FHMD as a supplement for enhanced biological

phosphate removal processes will be undertaken in a future study.

 FHMD is capable of binding P under anoxic conditions. This means that reduction of

ferrihydrite in FHMD does not occur under anoxic conditions. The stability of the

ferrihydrite in FHMD will be investigated in a future study.

 Dissolved organic P is a major portion of the total dissolved P in lake water. After

the application of FHMD, the orthophosphate content of lake water is very low and

orthophosphate-repressible alkaline phosphatase will be active in catalyzing the

hydrolysis of dissolved organic P to support cyanobacterial growth. However, the

high specific surface area and positive surface charge of FHMD can inhibit the

alkaline phosphatase activity (APA) and prevent the supply of new orthophosphate

via the transformation of dissolved organic phosphorus through APA. Thus, the

effects of FHMD on the inhibition of APA will be investigated in a future study.

 The combined application of FHMD and gypsum can effectively remove P from lake

water and limit P release from sediments. Sulfate (SO4) ions provided by the

addition of gypsum play an important role in ferric reduction under anoxic conditions;

sulphide (S-1 and S2-) ions produced by the sulphate reduction can reduce ferric ions,

react with ferrous iron, and form a permanent sink for iron (FeS2, FeS). The

interactions between FHMD and gypsum will be investigated in a future study.

 A lab-scale artificial aquarium was established in the environmental chamber to

simulate temporary anoxic conditions and subsequent sediment resuspension in

shallow lakes. As complex physical, chemical, and hydraulic phenomena occur in
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shallow lakes, field applications of the combination of FHMD and gypsum in either

an enclosure or a entire lake to control eutrophication and cyanobacterial blooms are

recommended.

 The artificial aquarium excluded all external nutrient sources. Phosphorus control by

FHMD and gypsum in the presence of external nutrient sources should be

investigated in a future study.

 When the trophic status of a lake changes from hypereutrophic or eutrophic to

mesotrophic as a result of physical, chemical, or biological treatments, the addition of

submerged aquatic vegetation (SAV) is a cost-effective way to improve the trophic

level or maintain a mesotrophic level (Knight et al. 2003). The necessity for

following FHMD and gypsum application with SAV or other control methods such

as biomanipulation should be investigated in a future study.
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Table A.1 Surface charge density of FHMD changes with pH values

Volume, mL pH1 pH2 pHavg Surface charge, C/m2

0 3.26 3.34 3.30 0.59
1 3.40 3.56 3.48 0.55
2 3.59 3.76 3.68 0.52

3.5 3.95 4.16 4.06 0.46
4.5 4.33 4.57 4.45 0.42
5.5 4.80 5.09 4.95 0.38
6.5 5.35 5.65 5.50 0.34
7.5 5.92 6.21 6.07 0.30
8.5 6.49 6.75 6.62 0.26
9.5 6.97 7.29 7.13 0.22
10 7.16 7.51 7.34 0.20
11 7.78 8.11 7.95 0.16
12 8.14 8.42 8.28 0.13
13 8.82 8.90 8.86 0.09
14 9.37 9.46 9.42 0.054
15 9.84 9.88 9.86 0.021
16 10.13 10.13 10.13 -0.011
17 10.41 10.37 10.39 -0.041
18 10.61 10.59 10.60 -0.067
19 10.78 10.76 10.77 -0.092
20 10.93 10.90 10.92 -0.11
21 11.03 11.02 11.03 -0.14
22 11.14 11.13 11.14 -0.15

23.1 11.23 11.22 11.23 -0.17
24 11.29 11.29 11.29 -0.19
25 11.35 11.35 11.35 -0.21
26 11.41 11.41 11.41 -0.22
27 11.46 11.46 11.46 -0.24
28 11.50 11.51 11.51 -0.25
29 11.55 11.56 11.56 -0.26
30 11.59 11.60 11.60 -0.28
31 11.62 11.63 11.63 -0.29
32 11.65 11.67 11.66 -0.30
33 11.68 11.70 11.69 -0.31
34 11.71 11.72 11.72 -0.33
35 11.74 11.75 11.75 -0.34
36 11.76 11.77 11.77 -0.35
37 11.78 11.79 11.79 -0.37
38 11.80 11.82 11.81 -0.37

39.1 11.82 11.84 11.83 -0.39
40 11.84 11.86 11.85 -0.40
41 11.86 11.88 11.87 -0.41
42 11.88 11.89 11.89 -0.42
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43 11.89 11.91 11.90 -0.43
44 11.91 11.92 11.92 -0.44
45 11.93 11.94 11.94 -0.45
46 11.94 11.95 11.95 -0.46
47 11.95 11.97 11.96 -0.47
48 11.97 11.98 11.98 -0.48
49 11.98 11.99 11.99 -0.49
50 11.99 12.00 12.00 -0.50
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Table A.2 Surface charge density of raw diatomite changes with pH values

Volume, mL pH1 pH2 pHavg Surface charge, C/m2

0 2.72 2.70 2.71 0.048

1 2.94 2.90 2.92 0.037

2.1 3.38 3.46 3.42 0.026
3 4.81 6.17 5.49 0.0042

4 9.65 9.99 9.82 -0.035

4.5 9.99 10.31 10.15 -0.053
5 10.32 10.53 10.43 -0.068

5.5 10.55 10.72 10.64 -0.081

6 10.71 10.84 10.78 -0.094
6.5 10.84 10.97 10.91 -0.11

7 10.95 11.06 11.01 -0.12

7.5 11.03 11.13 11.08 -0.13
8 11.12 11.21 11.17 -0.13

8.5 11.21 11.28 11.25 -0.14

9 11.27 11.34 11.31 -0.15
9.5 11.33 11.40 11.37 -0.15

10 11.38 11.45 11.42 -0.16

10.5 11.44 11.49 11.47 -0.16
11 11.46 11.53 11.50 -0.17

11.5 11.50 11.56 11.53 -0.18

12 11.54 11.59 11.57 -0.19
12.5 11.57 11.62 11.60 -0.19

13 11.61 11.65 11.63 -0.19

13.5 11.63 11.68 11.66 -0.20
14 11.66 11.70 11.68 -0.21

14.5 11.69 11.72 11.71 -0.21

15 11.71 11.75 11.73 -0.22
15.5 11.74 11.76 11.75 -0.22

16 11.75 11.78 11.77 -0.23

16.5 11.78 11.80 11.79 -0.23
17 11.79 11.82 11.81 -0.24

17.5 11.81 11.84 11.83 -0.24

18 11.83 11.85 11.84 -0.25
18.5 11.85 11.87 11.86 -0.25

19 11.86 11.88 11.87 -0.26

20 11.89 11.91 11.90 -0.26
21 11.92 11.94 11.93 -0.27

22 11.94 11.95 11.95 -0.29

23 11.97 11.97 11.97 -0.29
24 11.99 12.00 12.00 -0.30
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Table A.3 Phosphorus adsorption data of raw diatomite obtained at different pH

values: pH4 and pH8.5

pH=4 C0, mg/L Ce, mg/L M, g Qe, mgP/g

3 1 0.0516 3.88

6 3 0.0512 5.86

10 6 0.0503 7.95
15 10 0.0517 9.67

20 15 0.0520 9.62

25 20 0.0515 9.71
30 25 0.0506 9.88

35 30 0.0501 9.98

40 35 0.0527 9.49

pH=8.5 C0, mg/L Ce, mg/L M, g Qe, mgP/g

3 2.48 0.0528 0.98

6 5.44 0.0526 1.06

10 9.29 0.051 1.39

15 14.28 0.0509 1.41

20 19.24 0.0506 1.50

25 24.22 0.0513 1.52

30 29.22 0.0509 1.53

35 34.22 0.0504 1.55

40 39.14 0.0536 1.60
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Table A.4 Phosphorus adsorption data of FHMD obtained at different pH

values: pH4 and pH8.5

pH=4 C0, mg/L Ce, mg/L M, g Qe, mgP/g

3 0.5 0.0515 4.85

6 1 0.0502 9.96

10 2 0.0520 15.38
15 3.5 0.0504 22.82

20 7 0.0516 25.19

25 10.5 0.0509 28.49
30 14 0.0518 30.89

35 18 0.0508 33.46

40 23 0.0523 32.50

pH=8.5 C0, mg/L Ce, mg/L M, g Qe, mgP/g

3 1.98 0.0513 1.99

6 4.14 0.0514 3.62

10 7.31 0.0507 5.31

15 11.53 0.0525 6.61

20 16.08 0.0514 7.63

25 20.46 0.0519 8.75

30 25.22 0.051 9.37

35 29.89 0.0519 9.85

40 34.69 0.0522 10.17
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Table A.5 Adsorption of anions onto FHMD

Adsorbate C0, mg/L Ce1, mg/L Ce2, mg/L Ce3, mg/L Ceavg, mg/L m, g Q, mgP/g

PO4s 31.02 26 26.5 26 26.17 0.1013 9.47

PO4c 31.07 26.5 26.5 27 26.67 0.1027 8.45

SO4 96 98 92 - 95 0.1027 1.95

NO3 14 14 13.5 13 13.5 0.1027 0.97

CO3 60 59.95 59.95 - 59.95 0.1027 0.10

Cl 35.5 36.7 35.5 36 36.07 0.1027 0
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Table A.7 Phosphorus removal from lake water by FHMD

Dose, mg/L TP, g/L RE, % Si, mg/L Fe, mg/L Diatom, cells/ml

0 143.3 0 1.44 0.16 218750

50 69.4 51.59 3.13 0.20 581250

100 51.6 63.88 3.56 0.22 1243750

150 37.0 74.18 4.17 0.19 1743750

200 27.6 80.76 3.75 0.22 906250

250 17.0 88.12 4.93 0.19 2031250

300 13.8 90.35 4.80 0.26 2018750

350 12.3 91.41 4.73 0.27 2043750

400 10.2 92.88 5.08 0.24 3793750

450 10.6 92.59 5.33 0.23 2587500

500 9.5 93.35 5.50 0.26 3962500
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Table A.8 Turbidity in lake water treated with FHMD changes with settling time

and during settling period

Time, h Period, h Turbidity, NTU Turbidity difference, NTU

0 311.00

1 0.5 200.00 111.00
2 1.5 131.00 69.00

4 3 81.30 24.85

6 5 67.50 6.90
8 7 56.30 5.60

12 10 51.40 1.23

22 17 46.30 0.51
48 35 25.40 0.80

72 60 15.80 0.40

84 78 13.70 0.18
96 90 12.30 0.12

120 108 7.96 0.18

132 126 4.88 0.26
144 138 1.42 0.29
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Table A.9 Turbidity in lake water treated with raw diatomite changes with settling

time and during settling period

Time, h Period, h Turbidity, NTU Turbidity difference, NTU

0 227.30

1 0.5 135.70 91.60
2 1.5 106.50 29.20

4 3 65.90 20.30

6 5 48.20 8.85
8 7 36.70 5.75

12 10 25.20 2.88

22 17 16.50 0.87
48 35 9.65 0.26

72 60 7.27 0.099

84 78 5.98 0.11
96 90 4.69 0.11

120 108 4.13 0.023

132 126 2.85 0.11
144 138 1.11 0.15
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Table A.10 Changes in SRP concentrations in lake water treated by FHMD during

the period of 30-day incubation

Time, day
SRP, mg/L
at 0 mg/L

SRP, mg/L
at 300 mg/L

SRP, mg/L
at 400mg/L

SRP, mg/L
at 500 mg/L

SRP, mg/L
at 600 mg/L

1 24.55 7.55 6.05 5.20 3.45

5 23.30 8.50 5.95 4.25 3.25

12 22.05 8.75 5.85 3.65 3.10

17 19.55 9.40 6.00 3.50 2.95

22 27.85 12.00 6.25 3.15 3.25

30 31.95 14.45 6.50 3.65 4.10
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Table A.11 Changes in TP concentrations in lake water treated by FHMD during the

period of 30-day incubation

Time, day
TP, g/L
at 0 mg/L

TP, g/L
at 300 mg/L

TP, g/L
at 400mg/L

TP, g/L
at 500 mg/L

TP, g/L
at 600 mg/L

1 78.85 17.05 14.30 11.15 10.25

5 87.60 16.35 13.20 10.55 9.90

12 95.70 18.10 11.80 9.90 9.70

17 100.60 18.40 11.65 9.45 9.25

22 99.80 19.30 10.85 9.25 8.65

30 101.50 26.90 10.10 8.80 8.45
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Table A.12 Sedimentary phosphorus compositions of sediments treated by FHMD at different doses under anoxic conditions

FHMD dose Labile-P, ug/gdw Fe-P, ug/gdw Al-P, ug/gdw Organic-P, ug/gdw Ca-P, ug/gdw Residue-P, ug/gdw

0 8.36 7.73 8.58 20.37 404.57 46.1

0.3 4.21 19.79 7.71 16.48 389.40 45.60

0.4 2.99 25.62 11.13 16.78 411.47 50.16

0.5 3.02 33.47 10.64 16.68 367.65 48.60

0.6 2.69 28.53 11.17 16.98 425.38 45.38
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Table A.13 Changes in SRP concentrations in lake water treated with 400 mg/L of FHMD and alum at different doses during the

period of anoxic incubation

Time,
day

Alum dose, 0 mg/L Log(Al:P) = 0.5 Log(Al:P) = 0.8 Log(Al:P) = 1.1 Log(Al:P) = 1.4 Log(Al:P) = 1.7

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

SRP1,

g/L

SRP2,

g/L

SRPavg,

g/L

1 6.2 6.8 6.5 7.7 7.1 7.4 6.8 5.8 6.3 7.4 6.0 6.7 7.4 8.0 7.7 6.4 7.4 6.9

5 5.9 5.5 5.7 6.5 5.5 6.0 5.7 6.5 6.1 6.2 7.0 6.6 6.4 5.8 6.1 5.8 4.8 5.3

12 4.7 4.3 4.5 4.0 4.2 4.1 6.0 5.0 5.5 2.9 3.5 3.2 3.2 3.8 3.5 3.4 3.0 3.2

22 4.8 4 4.4 3.6 3.8 3.7 2.9 3.7 3.3 2.4 2.8 2.6 3.1 2.1 2.6 2.0 2.2 2.1

30 2.1 2.3 2.2 2.1 2.5 2.3 2.1 2.3 2.2 1.4 1.6 1.5 1.9 1.5 1.7 1.4 1.6 1.5



1
86

1
86

1
86

1
86

Table A.14 Changes in TP concentrations in lake water treated with 400 mg/L of FHMD and alum at different doses during the

period of anoxic incubation

Time,
day

Alum dose, 0 mg/L Log(Al:P) = 0.5 Log(Al:P) = 0.8 Log(Al:P) = 1.1 Log(Al:P) = 1.4 Log(Al:P) = 1.7

TP1,

g/L

TP2,

g/L

TPavg,

g/L

TP1,

g/L

TP2,

g/L

TPavg,

g/L

TP1,

g/L

TP2,

g/L

TPavg,

g/L

TP1,

g/L

TP2,

g/L

TPavg,

g/L

TP1,

g/L

TP2,

g/L

TPavg,

g/L

TP1,

g/L

TP2,

g/L

TPavg,

g/L

1 16.6 15.6 16.1 15.6 16.4 16.0 15.7 16.7 16.2 16.0 17.4 16.7 14.3 15.1 14.7 15.7 16.5 16.1

5 13.7 12.9 13.3 14.2 14.8 14.5 14.4 15.4 14.9 12.9 13.9 13.4 13.8 14.6 14.2 10.1 10.7 10.4

12 12.4 12.0 12.2 11.2 10.6 10.9 10.8 11.2 11.0 11.4 12.2 11.8 11.1 10.3 10.7 12.1 11.1 11.6

22 11.3 10.3 10.8 10.4 11.4 10.9 13.1 14.3 13.7 10.4 11.2 10.8 11.1 9.5 9.8 10.7 10.1 10.4

30 10.1 10.5 10.3 11.0 11.2 11.1 11.4 11.0 11.2 9.0 8.6 8.8 10.5 9.5 10.0 8.7 8.1 8.4
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Table A.15 Sedimentary phosphorus compositions of sediments treated by 400 mg/L of FHMD and alum at different doses during

the period of anoxic incubation

Log (Al:P) Labile-P, ug/gdw Fe-P, ug/gdw Al-P, ug/gdw Organic-P, ug/gdw Ca-P, ug/gdw Residue-P, ug/gdw

0 2.42 16.52 7.28 27.47 517.01 42.32

0.5 1.19 17.18 17.21 20.89 467.69 50.38

0.8 1.24 15.98 21.25 14.83 520.93 54.72

1.1 1.17 9.59 42.31 12.55 447.04 52.88

1.4 0.68 7.81 62.23 9.79 417.25 56.43

1.7 0.43 6.71 66.00 7.81 499.73 47.23
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Table A.16 Effects of agitation on turbidity in lake water with different thickness of gypsum under anoxic conditions

Turbidity,
NTU

Time, h

Turbidity,
NTU at 0 cm

Turbidity,
NTU at 0.5 cm

Turbidity, NTU
at 0.8 cm

Turbidity, NTU
at 1 cm

Turbidity, NTU
at 1.2 cm

0 9.55 11.70 11.50 11.65 12.40

6 12.80 10.40 10.70 9.82 11.50

12 11.35 9.70 10.19 9.27 10.72

21 10.23 9.24 9.43 8.03 9.35

24 9.90 8.58 8.54 8.18 8.59

30 9.66 7.27 7.12 7.09 7.11

36 10.70 6.29 6.35 6.31 6.09

48 7.73 5.13 5.09 5.45 5.00

54 1000 76.00 41.95 48.70 52.30

60 1000 85.30 46.20 53.70 55.10

69 10.90 3.93 3.14 3.76 3.97

72 7.44 3.37 2.65 2.98 2.86
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Table A.17 Effects of agitation on turbidity in lake water with different thickness of gypsum under oxic conditions

Turbidity,
NTU

Time, h

Turbidity,
NTU at 0 cm

Turbidity,
NTU at 0.5 cm

Turbidity, NTU
at 0.8 cm

Turbidity, NTU
at 1 cm

Turbidity, NTU
at 1.2 cm

0 9.23 7.09 7.93 8.24 8.68

6 7.50 5.77 6.48 6.13 7.79

12 6.63 4.60 5.12 4.74 6.14

21 5.98 4.17 4.56 4.15 5.17

24 5.44 3.92 4.34 4.01 4.95

30 4.82 3.56 3.70 3.55 4.33

36 4.09 2.89 2.95 2.94 3.73

45 3.55 2.67 2.59 2.62 3.18

48 3.32 2.55 2.38 2.28 2.74

54 1000 89.30 74.80 95.50 96.30

60 1000 95.80 84.10 104.30 102.60

69 8.79 2.87 2.68 2.51 2.96
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Table A.18 Effects of agitation in SRP concentrations with different thickness of

gypsum under anoxic conditions

SRP at
Thickness,

cm
Time,
h

SRP, mg/L
at 0 cm

SRP, mg/L
at 0.5 cm

SRP, mg/L
at 0.8 cm

SRP, mg/L
at 1 cm

SRP, mg/L
at 1.2 cm

0 6.87 7.34 6.85 7.63 8.01

6 13.68 11.30 8.30 10.37 10.86

12 11.60 10.75 5.60 7.80 3.65

21 13.60 12.40 6.05 7.35 6.80

24 13.00 8.60 5.40 3.80 2.30

30 13.70 10.90 7.20 9.25 5.60

36 10.20 8.75 4.55 3.70 4.19

48 8.47 10.60 8.20 9.05 7.65

54 18.50 15.60 10.05 10.65 12.40

60 8.50 7.65 4.80 6.95 7.85

69 3.80 2.95 2.50 6.90 3.60

72 1.70 2.10 2.60 2.60 2.60
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Table A.19 Effects of agitation in SRP concentrations with different thickness of

gypsum under oxic conditions

SRP at
Thickness,

cm
Time,
h

SRP, mg/L
at 0 cm

SRP, mg/L
at 0.5 cm

SRP, mg/L
at 0.8 cm

SRP, mg/L
at 1 cm

SRP, mg/L
at 1.2 cm

0 8.30 8.55 8.45 8.90 7.35

6 10.40 9.45 9.20 8.00 7.30

12 11.50 9.70 5.20 5.35 5.10

21 8.20 7.00 6.35 6.20 8.50

24 8.55 8.75 7.25 7.00 7.75

30 5.40 8.25 4.40 5.25 5.00

36 3.00 3.40 1.60 1.75 4.00

45 3.90 5.20 3.90 2.90 4.10

48 3.10 5.30 3.00 5.55 3.70

54 12.95 10.35 6.90 6.40 6.50

60 8.10 7.40 4.60 4.10 5.70

69 2.20 1.70 1.10 2.10 1.65
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Table A.20 Changes in total phosphorus (TP) concentrations in lake water with the

incubation time under anoxic conditions and oxic conditions

Time, days
TP, g/L
(anoxic)

Error Bar, g/L
TP, g/L

(oxic)
Error Bar, g/L

0 14.0 1.2 15.8 1.1

6 14.0 1.0 14.2 1.7

10 13.8 0.7 11.4 0.1

16 11.3 1.2 9.1 1.1

21 12.1 0.6 8. 5 1.0

30 10.8 0.1 9.5 0.8
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Table A.21 Dissolved oxygen (DO) concentrations change with time in control

aquarium and 120-day aquarium

Time, day DO in control aquarium, mg/L DO in 120-day aquarium, mg/L

0 7.40 7.60

4 5.78 6.11

8 3.17 5.39

12 2.10 3.42

16 1.42 2.37

20 1.24 1.31

24 1.02 1.16

28 0.93 1.00

32 0.84 0.89

36 0.80 0.85

40 0.82 0.87

44 0.73 0.79

48 0.75 0.78

52 0.71 0.76

56 0.69 0.73

60 0.70 0.71

64 0.66 0.75

68 0.63 0.73

72 0.64 0.76

76 0.67 0.70

80 0.64 0.66

84 0.61 0.65

88 0.60 0.64

92 0.58 0.60

96 0.59 0.62

100 0.55 0.57

104 0.58 0.62

108 0.59 0.59

112 0.54 0.56

116 0.51 0.55

120 0.50 0.54
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Table A.22 Total suspended solid (TSS) concentrations change with time in control

aquarium and 120-day aquarium

Time, day TSS in control aquarium, mg/L TSS in 120-day aquarium, mg/L

0 127 5

4 133 6

8 136 8

12 142 11

16 148 12

20 149 12

24 144 15

28 158 15

32 169 15

36 180 17

40 197 18

44 214 17

48 235 17

52 265 19

56 288 18

60 311 20

64 321 20

68 386 21

72 433 22

76 490 24

80 525 24

84 558 26

88 589 25

92 612 28

96 634 30

100 655 28

104 680 30

108 693 32

112 706 33

116 713 34

120 725 35
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Table A.23 Dissolved sulfate (SO4) concentrations change with time in control

aquarium and 120-day aquarium

Time, day SO4 in control aquarium, mg/L SO4 in 120-day aquarium, mg/L

0 0.95 1.84

4 0.93 1.85

8 0.90 1.76

12 0.91 1.81

16 0.91 1.78

20 0.72 1.71

24 0.71 1.69

28 0.64 1.75

32 0.72 1.88

36 0.71 1.85

40 0.72 1.86

44 0.72 1.84

48 0.70 1.80

52 0.74 1.89

56 0.71 1.78

60 0.88 1.88

64 0.88 1.74

68 0.76 1.79

72 0.78 1.86

76 0.80 1.88

80 0.83 1.9

84 0.72 1.83

88 0.74 1.85

92 0.75 1.75

96 0.78 1.90

100 0.81 1.86

104 0.79 1.87

108 0.80 1.82

112 0.80 1.75

116 0.80 1.86

120 0.82 1.88
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Table A.24 Total kjeldahl nitrogen (TKN) concentrations change with time in control

aquarium and 120-day aquarium

Time, day TKN in control aquarium, mg/L TKN in 120-day aquarium, mg/L

0 1.90 2.58

4 1.95 2.84

8 2.99 3.26

12 2.37 2.63

16 2.11 2.27

20 1.69 4.09

24 2.16 1.80

28 1.87 2.40

32 2.60 2.45

36 2.60 2.55

40 2.55 2.60

44 2.40 2.71

48 2.14 2.76

52 2.66 3.18

56 2.50 2.86

60 1.93 2.19

64 2.24 2.03

68 1.82 1.87

72 1.93 2.66

76 1.87 2.14

80 1.87 1.72

84 2.32 2.37

88 3.26 3.10

92 2.11 2.32

96 2.27 2.42

100 2.16 2.11

104 2.47 2.11

108 2.42 2.27

112 2.27 2.37

116 2.37 2.37

120 2.47 2.47
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Table A.25 Dissolved silicon (Si) concentrations change with time in control

aquarium and 120-day aquarium

Time, day Si in control aquarium, mg/L Si in 120-day aquarium, mg/L

0 3.15 3.87

4 3.16 3.84

8 3.17 3.81

12 3.29 3.88

16 3.37 3.95

20 3.35 3.92

24 3.43 3.94

28 3.48 3.97

32 3.54 3.90

36 3.51 3.88

40 3.49 3.89

44 3.48 3.88

48 3.45 3.95

52 3.46 3.97

56 3.49 4.01

60 3.47 3.94

64 3.52 4.02

68 3.49 3.78

72 3.54 3.97

76 3.49 3.99

80 3.48 3.96

84 3.47 3.85

88 3.42 3.86

92 3.39 3.99

96 3.37 4.00

100 3.35 3.95

104 3.32 3.97

108 3.32 3.97

112 3.28 3.94

116 3.26 3.96

120 3.24 3.94
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Table A.26 Diatom concentrations change with time in control aquarium and 120-

day aquarium

Time, day
Diatom in control aquarium,

cells/mL
Diatom in 120-day aquarium,

cells/mL

0 231250 156250

4 225000 143750

8 193750 118750

12 181250 112500

16 156250 100000

20 137500 87500

24 125000 87500

28 131250 75000

32 112500 75000

36 100000 62500

40 81250 50000

44 93750 56250

48 75000 50000

52 75000 37500

56 68750 50000

60 75000 50000

64 68750 37500

68 68750 31250

72 68750 31250

76 56250 31250

80 56250 37500

84 50000 25000

88 56250 25000

92 50000 18750

96 43750 25000

100 43750 25000

104 37500 18750

108 31250 18750

112 37500 25000

116 31250 25000

120 31250 18750
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Table A.27 Total alkalinity concentrations change with time in control aquarium and

120-day aquarium

Time, day
Alkalinity in control aquarium,

mgCaCO3/L
Alkalinity in 120-day aquarium,

mgCaCO3/L

0 214.40 344.72

4 227.01 345.77

8 246.98 340.51

12 254.34 342.62

16 264.84 344.72

20 272.20 342.62

24 290.07 339.46

28 308.99 343.67

32 254.34 345.77

36 276.41 344.72

40 295.32 342.62

44 317.39 345.77

48 330.01 344.72

52 308.99 343.67

56 296.37 344.72

60 285.86 344.72

64 302.68 347.87

68 316.34 345.77

72 291.12 342.62

76 286.92 343.67

80 293.22 344.72

84 300.58 339.46

88 265.90 344.72

92 286.92 345.77

96 271.15 347.87

100 264.84 344.72

104 241.72 345.77

108 244.88 342.62

112 234.37 341.57

116 228.06 344.72

120 214.40 343.67
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Table A.28 pH values change with time in control aquarium and 120-day aquarium

Time, day pH in control aquarium pH in 120-day aquarium

0 8.11 8.60

4 8.10 8.55

8 8.13 8.55

12 8.16 8.55

16 8.18 8.55

20 8.13 8.51

24 8.18 8.51

28 8.12 8.52

32 8.15 8.67

36 8.14 8.61

40 8.15 8.61

44 8.15 8.55

48 8.10 8.52

52 8.12 8.56

56 8.11 8.55

60 8.11 8.54

64 8.13 8.55

68 8.15 8.56

72 8.17 8.61

76 8.15 8.62

80 8.13 8.62

84 8.25 8.58

88 8.22 8.55

92 8.21 8.61

96 8.16 8.61

100 8.15 8.61

104 8.18 8.62

108 8.20 8.57

112 8.17 8.60

116 8.18 8.62

120 8.18 8.61
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Table A.29 Total phosphorus (TP) concentrations change with time in control

aquarium and 120-day aquarium

Time, day TP in control aquarium, g/L TP in 120-day aquarium, g/L

0 73.3 9.6

4 81.1 9.5

8 67.6 9.3

12 73.4 9.5

16 76.4 9.6

20 79.4 9.7

24 84.8 9.3

28 88.5 10.0

32 90.4 9.8

36 94.3 9.6

40 99.6 9.4

44 102.7 9.3

48 110.8 9.1

52 107.4 10.1

56 110.0 10.1

60 113.2 10.2

64 114.8 10.7

68 113.6 11.1

72 117.6 12.5

76 120.4 12.1

80 124.4 12.0

84 124.0 11.7

88 126.1 11.9

92 125.0 11.6

96 129.3 12.0

100 130.4 13.3

104 133.4 12.5

108 131.7 12.2

112 136.0 12.4

116 138.5 12.6

120 139.2 12.9
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Table A.30 Sedimentary phosphorus depth profile in control sediment

Depth, cm Labile-P, ug/gdw Fe-P, ug/gdw Al-P, ug/gdw Organic-P, ug/gdw Ca-P, ug/gdw Residue-P, ug/gdw

1 3.39 4.13 8.50 38.58 485.17 61.60

2 4.38 5.74 6.93 35.62 444.98 57.81

3 5.77 7.68 8.79 34.07 413.44 54.90

4 7.07 9.45 8.67 34.06 390.57 46.94
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Table A.31 Sedimentary phosphorus depth profile in 60-day sediment

Depth, cm Labile-P, ug/gdw Fe-P, ug/gdw Al-P, ug/gdw Organic-P, ug/gdw Ca-P, ug/gdw Residue-P, ug/gdw

1 3.33 22.43 5.85 25.80 472.63 81.23

2 6.80 30.47 7.47 27.46 459.33 87.34

3 7.91 57.20 5.86 31.07 411.96 79.69

4 7.38 49.12 5.83 27.61 389.13 88.86
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Table A.32 Sedimentary phosphorus depth profile in 120-day sediment

Depth, cm Labile-P, ug/gdw Fe-P, ug/gdw Al-P, ug/gdw Organic-P, ug/gdw Ca-P, ug/gdw Residue-P, ug/gdw

1 2.96 18.23 6.10 15.76 458.69 84.87

2 5.24 34.06 8.25 19.12 405.59 81.18

3 3.41 48.83 5.93 13.8 397.75 80.14

4 3.25 49.41 7.11 17.00 384.72 74.03


