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ABSTRACT
One major impact human have had on marine ecosystem is eutrophication. Eutrophication is
enhanced production of primary producers as a result of excessive input of nutrients into the
ccos),.tem. The excessive input of nutrients is mainly from human activity, farming, and
development activity. The nutrients such as phosphate and nitrate are believed to be the key for
eutwphication. Eutrophication will lead to various problems such as toxic algal bloom, loss of marine
food . upply and habitat. This study had been focused on the factors such as initial nutrients loading,
pH, disso lved oxygen level and total suspended solid that affect the sorption and release of nutrients
(phosphate and nitrate) from sediments to the water column, and on developing an empirical model to
predict the potential eutrophication of Sg. Sarawak. This research had identified that under anoxic
(Io~ DO) and acidic (low pH) conditions, phosphorus release from sediments was enhanced. A two
fold increase of the phosphate release from sediments was demonstrated in this study. However, the
data shown very low desorbability of added or adsorbed phosphate due to the formation of chemical
(ligand) bonding between phosphate and the adsorption sites and immobilization of phosphate as
iqsolublc fcrric phosphate. Even though there was no apparent influence of dissolved oxygen on
ni~u: release from the sediments but as pH rose, desorption of nitrate ion increased as the hydroxide
ions can easily replace nitrate ions at the sorption sites. This study also shown very little nitrate
"i!csoretiun even though nitrate is known to be weakly bound to positive sorption sites in the sediments
- throu~h physical bonding and therefore nitrate adsorption reaction is reversible. This may be due to
sigQ.i licant fixation had occurred during the spiking stage when nitrate-nitrogen was transformed to
ammonium-nitrogen. Ammonium release from sediments increased with pH but decreased with
increased dissolved oxygen. Sorption of phosphate increased as pH increased but sorption of nitrate
decreased with pH. Enhanced sorption of phosphate and nitrate were observed by increasing the
aln<Amt of sediments but the amount adsorbed (mg/g) decreased. This could attribute to the
heterogeneity in sediment composition even though the amount of adsorption sites on sediment
particles increased in proportion with the amount of sediment. These findings will help the
environmental officers or any organization to come up with programs or measures to control and
monitor Ule nutrients level in the water column. The empirical models developed in this study may
serve as a preliminary tool to assess the nutrients level at any particular time and to minimize
pollution of water bod ies.

Vlll

ABSTRAK
Elllrojikasi ada/ah sal II kesan yang besar akibal kegialan manllsia ke alas ekosislem. EUlrojikasi
ada/all perlambahan penge/llar IIlama yang disebabkan a/ell perlambahan nlllrien yang ler/a/II
hal/yak ke da/am ekosislem. Perlamba/wn mi/rien ada/ah lerulamanya dari kegialan manllsia.
penlernakan dan aklivili pembangllnan. Nillrien seperli fosfal dan nilral. ada/all dipercayai sebagai
punca ulama eu/rojikasi. Elllroftkasi akall menyebabkall pe/bagai masa/ah, dari perlumbullan
melldadak alga /oksik. kelandusan sumber makanan marin dan habital. Kajian ini memberi IlImpllan
kepcldu kesan fak/or-fak/or seperli permu/aan paras mi/rien. pH, paras oksigen ler/arltl. dan jllm/ali
pepeja! /erapllng ke a/as pellyerapan dan pembebasan /IIi/rien (fosfa/ dan ni/ral) dari sedimen ke
da/am lurus air dan pemben/ukan mode/ empirika/ IInluk merama/ po/ensi elllrojikasi di Sungai
oSarawolr.. Kajiall ini le/ah mengena/pasli ba/wwa da/am keadaal/ keliadaall oksigen (DO rendah)
drill berasid (pH rendah), sedimen fosfal akan dibebaskall. Kajian ini menunjukkan, sediment fosfal
alum dibebaskan dlla kali gallda. Telapi. dala mellllnjllkkan pembebasan fosfal yang amal rendah
darlpada fosfal yang dilambahkan alau diserapkan, disebabkan a/ell pembenlllium i/wlan kimia
(ligal/d) di Ofllara fosfal dengan lapak penyerapan, dan pembenlllkan ferric fosfal yang lidak /anll
"'ir. lVa/allpulI paras oksigen ter/al"/ll lidak mempengaruhi pembebaslill nilral daripada sedimell,
letppi apabi/a ni/ai pH meningkal. pembebasan ion nilrat berlambah kerana iOIl hydrosida dapat
mellggan/ikan ion nilral di tapat pembebasan. Kajian ini juga menllnjukkan sangat sedikit
pelhbebasan ni/rat wa/auplln ni/rat hanya tertarik ke /apal caj posili[ di da/am sedimen me/a/ui
ika/an jizika/. dan o/eh ilu lindakba/as pembebasan nilral ada/ali lindak ba/as berbalik. Ini mllngkill
diseQobkall a/ell pembenlllkan ammonium-nilrogen daripada nilral-nilrogen semasa penyediaan
kepe/ra(an permu/aan nilral yang ber/ainan da/am sedimen. Pembebasan ammonillm daripada
sedimen her/ambah dengan pertambaltan pH dan IUrun apabi/a oksigen /er/arlll berlambah.
II!;enyempan fosfal ber/ambah apabi/a pH berlambah lelapi penyerapan nilral berkurangan dengan
pertambalzan pH. Peningkatan penyerapan fosfat dan Ililral diper/UI/ikan apabi/a bera/ sedimen
ber/ambah /elapi jum/ah penyerapan (mg/g) berkllrallg. Ini fIIungkin disebabkan o/eh komposisi
da/am sedimen yang ber/ainan IVa/aupun tapak penyerapan ber/ambah secara /angsung dengan
penamhahan bera/ sedimen. Penemuan ini dapal memban/II pegawai persekitaran alau mana-malla
organisasi lIn1uk mengadakan program a/all /angkall-/angkah liN/uk mengawa/ dan memanlall paras
nutrient di do/am tUI"/IS air. Dengan menggunakan mode/ empirika/ sebaga; a/al awa/ IIntuk
menenillkan paras mllrien pada salll-salll masa, pencemaran perseki/aran air mungkin dapal
dikurangkan.
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CHAPTER 1 INTRODUCTION

1.0

The Sg. Sarawak River System

The Sarawak River has two principal tributaries namely Sg. Sarawak Kiri and Sg. Sarawak
Kanan. These two tributaries meet near Batu Kitang, some 34 km upstream of the Kuching
-..city. In Kuching City itself, several small tributaries that discharge to Sg. Sarawak
included Sg. Maong, Sg. Bintangor, Sg. Padungan, Sg. Sekama, Sg. Bintawa and Sg.
Biawak. In addition, a total of 21 drainage sub-catchment areas in Kuching are also
discharging into Sg. Sarawak .

•

J~J

River quality

A number of studies done by government agencies recently on the Sarawak River have
that its water quality at present is poor and is not suitable for recreational or
lIomestic uses (NREB, 2001). With the growth of the population and industrial,
commercial and other development activities within the river catchment, the water quality
of the Sarawak River is expected to deteriorate further. The po lIutants consisted of main ly
untreated effluent from overloaded septic tanks and Imhoffs tanks which discharge directly
to the open drainage system. This untreated effluent constitutes both organic and bacterial
pollution in the Sarawak River.

~ndicated

As Kuching City does not have a functional wastewater treatment system , almost all houses
in Kuching discharge untreated water directly to the Sg. Sarawak. Even though these
houses are equipped with individual septic tanks, they are generally not very efficient in
removing organic matter and nutrients. Only about 30 % of the organic matter and no
nutrients are removed from the raw domestic sewage prior to discharge into the river
(NREB, 200 I).
Owing to the seriousness of the problem, an integrated approach is urgently required to
improve the present water quality of the Sarawak River. Therefore, Dewan Bandaraya
Kuching Utara (DBKU) Waste Water Management Sdn . Bhd. was formed on 10lh February
2000 to operate the Septic Sludge Treatment Plant. The enforcement of the Local
Authorities (Compulsory De-Sludging of Septic Tanks) By-Laws 1998, has required that all
septic tanks be de-sludged within two years. The de-sluding programme for all septic tanks
and wastewater treatment plants within the catchment areas of Kuching is implemented in
order to achieve Class liB of the Interim Water Quality Standard (IWQS) which would be
suitable for recreational use as well as protection of sensitive aquatic species.

Chapter I Introduction

1.02

Septic sludge treatment process by DBKU Waste Water Management Sdn.
Bhd

Besides, two units of I
the sludge reception a
screw conveyor.

The first step in septic sludge treatment process is de-sludging septic tanks in Kuching City
by fleet of tankers with a capacity of 10 m 3 and 5 m J . Then the septic sludge is received by
the septic sludge reception station conveyed by two tankers simultaneously. In this station,
coarse materials is filtered off from the sludge and filled in big bags to be disposed off in
the landfill later. The screened sludge with around 2 % solid content would then be
pumped into cylindrical storage tanks, each with a capacity of 500 m 3 The storage tank is
equipped with agitators to homogenize the sludge and to extract turbid water. These
storage t,enks are covered in order to overcome the odour problem .

On top of that, S(
(Programmable Logic
supervision and contI'(

The septic sludge is subsequently passed through shredders before being pumped into the
de-watering building. Here, remaining coarse materials are removed in order to protect the
downstream conveying pipeline, pumps and de-watering devices.

The Sarawak River se
water for drinking, do
a variety of agriculru
90,OOOha of agricultur
for agriculture) and a ,
along the SarawaJc R
agriculture, contain a
nutrients for eutrophi<
release of ammoniu l
microorganisms to nill

.".

,

"'.

The ~ptic sludge will then go to the flocculent chamber. In order to ensure optimum
flo<;.cu1atiO{l, two automatic metering equipment will injects 0.1 - 0.5 % of flocculating
agent-Cpolymer) into the septic sludge, upstream of the dewatering equipment.

•

After the flocculation process, mechanical de-watering of septic sludge is done by four
screws. These four screws press utilize gravity and pressure has a throughput of 10
m 3!ho(}r.~The septic sludge is expected to achieve a total solid content of25 - 30 %.

1.03

Potential eu1

With the constructiol
In the de-watering plant, approximately 30 % of quick lime in relation to the solid content
of the sludge is added to achieve the dual function of stabilization and hygienisation . This
exothermic reaction raises the pH to over 12, thereby killing micro-organisms that are
responsible for undesirable biological reactions of the septic sludge. This process solidifies
the sludge to 2: 35 % total solid content, thereby increasing the stability of the material for
landfill disposal later.
The de-watered, stabilized, hygenised and solidified sludge is transported to the bagging
station and immediately packed into bags for landfill disposal. At the landfill, two big bag
of stabilized sludge would be stacked on top of each other. A surface drainage system to
divert surface runoff during rain from the landfill had also been constructed.
The waste water generated in the de-watering processes and leachate collected from the
landfill is pumped to Sequence Batch Reactor (SBR) tank. In this tank, filling, aeration,
settling and decanting would be used to treat the waste water. The reactor is also equipped
with three submerged aerator capable of providing oxygen input of 65 - 94 kg O 2 ! h for the
aerobic reaction.
Effluent from the Sequence Batch Reactor (SBR) would be conveyed to a 2-stage naturally
aerated lagoon, each with a capacity of 600 m 3 and retention time of 2 days. The aim of
this process is to achieve further effluent polishing so that the final effluent would meet the
Standard B of the Environmental Quality (Sewage and Industrial Effluents) Regulations
1978, namely 50 mg per liter BOD and 100 mg per liter suspended solids (SS).

2
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Besides two units of bio-filters was installed to treat waste air generated and extracted from
the sl udge reception and storage stations, de-watering facility, flocculent dosing station and
screw conveyor.
in Kuching City
is received by
. In this station,
disposed off in
would then be

On top of that, SCADA (Supervisory Control And Data Acquisition) and PLC
(Programmable Logic Control) are also being used for automation and to achieve efficient
supervision and control of operation of the septic sludge treatment processes.

1.03

Potential eutrophication of the Sarawak River

...
The Sarawak River serves as an important means of transportation besides being a source of
water for drinking, domestic and industrial uses. Within the Sarawak River catchment area,
a variety of agricultural and forestry activities are being carried out. There are about
90,000h8 of agriculture land within the catchment (or 70 % of the catchment areas are used
for agricu lture) and approximately 800 mJ/day of wood waste are generated by sawmills
aijmg the Sarawak River (NREB, 1996). These wastes, be it domestic, industrial or
agriculture, contain a high amount of phosphate and nitrate that constitute the essential
"'nutrients for eutrophication. Furthermore, the degradation of organic matter results in the
release of ammonium and phosphate. The ammonium will then be nitrified by
microorgan isms to nitrate.

isms that are
prOCess solidifies
the material for

With the construction of barrage in 1997 across Sarawak River to control water levels
during flood events, occurrence of eutrophication becomes a likely threat as daily tidal
flushing of the Sarawak River has ceased. Water quality would deteriorate as septic tank
effluent and other pollutants would remain in the impoundment for a longer period.
However, the barrage is opened for flushing in order to prevent oxygen depletion in the
impoundments and to flush out organic matter accumulated in the sediment.
The existence of the barrage makes the downstream of Sarawak River quite stagnant and
behaves like a freshwater lake receiving sewage run-off and nutrients. Occurrences of algal
blooms are therefore potentially likely in the near future.

1.04
filli ng, aeration,
is also equipped
kg O2 / h for the

How to solve the eutrophication problem

In order to so lve the eutrophication problem, information on the control measures that are
available and applicable to each ecosystem is needed. Eutrophication can be treated by
limiting the external loading (artificial eutrophication) and internal loading (natural
eutrophication) of nutrients to the receiving waterbodies.
Despite a reduction in external phosphorus loading, an internal loading from the sediments
itself may be suffic ient to create the eutrophication phenomenon. The accepted methods to
combat internal loading are careful dredging of the upper sediment layers (Cooke et al.,
1986), chem ical precipitation using aluminium hydroxide (Galarneau & Gehr, 1996;

3
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Lijkl<;..ma, 1980; Sims & Ellis, 1983), alum (Rydin & Welch, 1998; Cooke et al., 1993),
ferric hydroxide (Keizer & Sinke, 1992), iron(lll) chloride (Boers et aI., 1992; Surrrampalli
et aI. , 1995) and the use of various biological treatment processes.
External and natural sources supplemented by the existence of barrage pose a real threat of
eutrophication to the Sarawak River. Therefore, a study should be carried out to study
factors that are likely to trigger eutrophication phenomenon and the potential of
eutrophication in Sarawak River.

1.1

~Hypothesis

If eutrophication occurs due to nutrients input from the city sewer (external sources) and the
releastt of nutrients trapped in sediment (internal sources), controlling both of these sources
will be ~ecessary to prevent it. The internal release of nutrients is expected to be dependent
on s~veral parameters such as pH, redox potential, and amount of suspended solid.
Under~tan~ing of these relationships is vital for managing the release of nutrients into the
waterbody.
,/0..

1.2

CHAPTER 2 LI1

2.0

Eutrophieat

Eutrophication is one
worldwide. The last
eutrophication problel
Rivers received far II
nutrient levels in riv
slowly enough to pro(

2.1

What is eutr

Eutrophication has b

l)bjectives

primu:y producers r~
the
body due to
natural (sediment nutr

The objectives of this study were:
I.

To determine the equilibrium kinetics of phosphate and nitrate between the
sediment (solid phase) and the water column (aqueous phase).

2.

To assess the potential of eutrophication in the Sarawak River.

3.

To identify the conditions of freshwater that promotes the release or adsorption of
nutrients (phosphate and nitrate).

4.

To develop a mathematical model of the release and adsorption of phosphate in a
waterbody.

1.3

Scope

This study involved investigations into how nutrients (phosphorus, nitrogen) are released
and adsorbed by sediments under the influence of various environmental factors such as
phosphorus and nitrogen concentrations in the water and sediment, pH and dissolved
oxygen. The findings will be used to develop a model for nutrients equilibrium in tropical
waterbodies .

4
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pose a real threat of
be carried out to study
and the potential of
2.0

I sources) and the
both of these sources
~ pectEld to be dependent
of suspended solid .
of nutrients into the

Eutrophication of freshwater lakes or rivers

Eutrophication is one of the major forms of water pollution affecting lakes and reservoirs
worldwide. The last 40 years have seen much attention been put to solving the
eutrophication problems by scientists around the world but the focus was more on the lakes.
Rivers received far less attention partly because the biological responses to the elevated
nutrient levels in rivers are less dramatic. Furthermore, there are few rivers that flow
slowly enough to produce true phytoplankton and eutrophication phenomenon .

2.1

What is eutrophication?

Eutrophication has been widely accepted phenomena whereby enhanced production by
primary producers results in reduced stability of the ecosystem. Eutrophication occurs in
the water body due to over-enrichment by point and non-point nutrient loadings from both
natural (sed iment nutrients release) and anthropogenic sources (Klapper, 1991).
between the

Cooke el 01. (1993) have expanded the common concept of eutrophication (over enrichment
of water bod ies) to include the effect of silt and organic matter loading. Organic matter not
only decrease the volume of water bodies, it stimulates the sediment nutrients release by
depleting the dissolved oxygen through respiration. Furthermore, mineralization of organic
matter releases nutrients to the water column (Fig. 2.1).
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Figure 2.1 . The overall pictures of eutrophication process is associated with major in
lake interaction (Cooke et al., 1993).

Coruequenc i

Eutrophication detrirr
waterbody. The direc
algal growth, and it:
overproduction of pr i
species change fron
eutrophication procee
daytime elevate pH a
in water during the ni:

Eutrophication also h
Increased turbidity al1
the river un,mraCIlVe
This cause a severe
Algal blooms are
therefore frequent
extra cleaning
among the other
and high level of
baby syndrome' ,
to control the

2.3

The general water
by its trophic
biomass such as
Vollenweider (I
status according to
Organization for
trophic status to
classification is to
waterbody. A
concentration of 8

2 Literature review

Chapler 2 Literature review

2.2

Eutrophication detrimentally changes the water quality and biological populations of a
waterbody. The direct biological changes as a result of eutrophication is the stimulation of
algal growth, and its indirect effect is changes in the fish community or species as
overproduction of primary producers deplete the oxygen concentration in the water. Fish
species change from higher economic value to that of lower economic value as
eutrophication proceeds (Regier & Hartman, 1973). Enhanced photosynthesis process in
daytime elevate pH and affect the gill function of fish, and with the depleted oxygen level
in water during the night may cause massive fish killed .

ALGAE

WATER
COLUMN
NUTRIENTS

i

Consequences of eutrophication

~

Eutrophication also has significant negative health, social and economic impacts on man .
Increased turbidity and growth of certain rooted aquatic plants and filamentous algae make
the river unattractive and unsafe for bathing, boating and other water-oriented recreations.
This cause a severe economic loss to established resorts.
Algal blooms are expected to clog the filters of municipal and industrial water supply,
tlJerefore frequent cleaning procedures are necessary to ensure the quality of the water. This
extra cleaning procedures pose economic burden to man. Taste and odour of water are
among the other direct effects of eutrophication. Eutrophied water is not safe for drinking
and high level of nitrate causes a fatal blood disorder called methemoglobinemia or ' blue
baby syndrome', liver damage and cancers (Shuval & Gruener, (977). Therefore, measures
to control the nutrients level in rivers are of great important to prevent eutrophication.

2.3

In-

hldicator for eutrophication

The general water quality of a waterbody or the nutrients level of a water body is denoted
by its trophic status. The trophic status of lakes can be determined both by their algal
biomass such as chlorophyll a or total phosphorus and nitrogen concentrations.
Vollenweider (1968) had made an early approach to classify the lakes into five-class trophic
status accord ing to their total phosphorus and nitrogen concentrations (Table A I). In 1982,
Organization for Economic Co-operation and Development (OECD) has extended the
trophic status to include chlorophyll a and transparency (Table A2). The purpose of this
classification is to give general information on the stage of pollution of a particular
walerbody. A waterbody is classified as eutrophic if it has a mean annual chlorophyll a
concentration of 8 - 25 Ilg/l in surface waters.
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2.4.,..

Determining factors for eutrophication

2.4.1

Concentration of phosphorus/phosphate

Phosphorus is essential for all livjng materials since living matter contains about 0.3 percent
of phosphorus by dry weight. Phosphorus is not only present in genetic materials such as
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), it also plays a role in the
transformation of energy in plants and living organism as adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) (Horne & Goldman, 1994). With respect to pollution, when
the amount of phosphorus in water has exceeded the phosphorus demand by living
orgalloLsms' assimilation rate, eutrophication will occur.
Phosphate is present in sediments in both organic and inorganic forms. The inorganic
forms are iron-bound, aluminum-bound and calcium-bound phosphate. These fractions are
part,jcularly sensitive to change in redox potential, pH and dissolved oxygen of the system,
and ~y changes in the above factors will bring changes to the environment system through
seQjments phosphorus release or adsorption (Gomez et al., 1999).
~

. ,

The external sources of phosphate are from effluent discharges of industrial, agricu Iture and
dome!tic activities, while internal sources are from sediment phosphorus release. Sediment
phosphorus release is dependent on the environmental conditions such as dissolve oxygen
level, redox potential and pH. These discharges mentioned above contain high level of
phdsp\ate and wou Id cause eutrophication in water body if present in excess.
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Phosphorus is commonly identified as the limiting factor for plant growth since most
phosphorus is held in a biologically unavailable form by particles in the waterbody. In
addition, plant roots and soils of the watershed retain phosphorus much more than nitrogen .
In most type of soils, the amount of phosphorus in the available form at any time seldom
exceeds 0.0 I % of the total phosphorus in the soil, while the quantity of nitrogen in the
readily available nitrate and ammonium form is about I - 2 % of the total soil nitrogen
(Brady, 1990). The common N:P (by weight) ratio is \0: I. A higher ratio indicates a
deficiency of phosphorus and phosphorus is then the limiting factor for plant growth (Horne
& Goldman, 1994).

2.4.2

2.4.3

The role «

In nonnal pH raJ

rtbophosphate (P
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Concentration of nitrate

Nitrogen is the fourth most common cellular element in living matter contributing about 5
% of nitrogen by dry weight (Horne & Goldman, 1994), and quantitatively is the most
important mineral nutrient for plant growth. Uptake of nitrogen from soil is mainly in the
form of ammonium and nitrate. However, nitrate is commonly leached from the land as it
moves easily through the soils.
The sources of nitrate mainly come from the application of fertilizers in the agricultural
activities. The availability of nitrate is very much dependent on the dissolved oxygen level.
Under low dissolved oxygen level , denitrification occurs (nitrate changes to nitrite and
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finally gas nitrogen). At high dissolved oxygen level, ammonium ions change to nitrate ion
through a process called nitrification. Nitrate is very mobile owing to its high solubility and
low sorption capacity. Any excess of nitrate would easily enter the waterbody via surface
runoff, groundwater and rainfall.
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Beside the need for sufficient nitrate to achieve optimal plant growth, high levels of nitrate
pose a health hazard to human especially infants under six months of age. Nitrate toxicity
causes a fatal blood disorder called methemoglobinemia or 'blue baby syndrome', liver
damage and cancers (Shuval & Gruener, 1977). The U.S. Environmental Protection
Agency has set a maximum contaminant level for nitrate-nitrogen in human drinking water
at JO ppm. However, nitrate can be removed from the water column via iron reduction.
, Nitrate reduction by metallic iron is more pronounced at lower pH than at higher pH
(Huang el 01., 1998).
High nitrate concentrations increase the thickness of the oxidized surface layer of the
sediments throughout the season (summer, autumn, winter and spring) and kept the iron in
oxidized form as nitrate is enough and available for the denitrifying bacteria, iron would not
be reduced (J nsen, 1992). This would explain the increased sorption capability of
'phosphate by surface sediments in high nitrate concentrations since iron was always in the
oxidized form (Bostrom et al., 1988).
When the di solved inorganic nitrogen (DrN) concentration was low or depleted in the lake
water, addition of nitrate increased the sediment phosphorus release because the nitrate
added was more than enough to oxidized the Fe and the extra nitrate stimulating the overall
microbial activity (Jensen, 1992). The increased microbial activity changed the organic
form of phosphate to inorganic form . Therefore, nitrate has dual effects on sediment
phosphorus release,

2.4.3

The role of pH (strength of ion hydrogen in soil)

In normal pH ranges (6.0 - 7.0) most soluble phosphate is present in the form of
orthophosphate (PO/), monophosphate (HPO/) and dihydrogen phosphate (H 2 P0 4'),
However, as the pH changes, these ionic forms will also change rapidly (Brady, 1990) as
illustrated below:

H 20+ PO/"
(very alkaline
solutions)

ing about 5
...""",,, is the most

in the agricultural
ved oxygen level.
to nitrite and

Iron-bound phosphates are stable at low pH and calcium-bound phosphates are stable at
high pH, Precipitation of calcium phosphate occurs if sediments are exposed to high pH.
At high pH, calcium-bound phosphate are in the form of CaNH 4P04, Ca5(OH)(P04)3 and
Ca3(PO.)2'
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How$.ver, influence of pH on sediment phosphorus release depends on the type of sediment,
whether iron-rich or calcareous soil. There are different explanations given by different
scientists pertaining to the effect of pH on sediments phosphorus release or adsorption.
According to Drake and Heaney (1987) enhanced phosphorus release from sediments at
high pH could be via ligand exchange and replacement of phosphate with a hydroxyl ion on
oxidized iron compounds.
Lijklema (1977) demonstrated in laboratory experiments where increases in pH liberate P
adsorbed onto the iron complexes because phosphorus competes with OH' ions in
adsorption sites. However, Golterman (1995) reported that high pH favor the precipitation
of P as calcium phosphate or the sorption of P to calcite in calcium rich sediments. As
calcium",,.ion was increased in the overlying water, adsorption of phosphate onto ferric
hydroxide, Fe(OOH) in sediment decreased. At higher pH with equal amount of calcium
concentration in the overlying water, a decreased of adsorption by ferric hydroxide was
observed.
The st~<Oility of iron-bound phosphate was explained by Bostrom et al.( 1988) that ferric
hydrQ.xide has larger adsorption capacity in acidic pH than in alkaline pH. Therefore, acidic
pH.. favor~ the adsorption of iron phosphate. Parfitt(l977) explained that the decrease in
phosphate sorption was due to the increased charge repulsion between phosphate ions and
surface ~egative charges at high pH . Besides, as pH increases competition occurs between
the hydroxyl ions and phosphate ions for sorption sites (Eze & Loganathan, 1990). Dubus
and Becquer (2001) also observed that sorption of P was negatively correlated (P < 0.05)
with p1-l~.
Gomez et al. (1999) observed that the instantaneous release of calcium carbonate bound
phosphate in sediments to the water column when sediments are introduced to seawater at
lower pH . This indicated that calcium-bound phosphate are unstable in low pH. Another
study by de Best el al. (1995) using hydroxylammonium chloride to reduce iron (III)
phosphate demonstrated that at lower pH more iron (III) hydroxide were reduced, and
phosphate was released to the water column. The dissolution of Fe (III) phosphate
complexes at lower phosphate level was generally incongruous and could be attributed to
redistribution of phosphate or by preferential reduction.
Therefore, pH is an important factor that control the solubility of P adsorbed onto calcium
carbonate and ferric hydroxide or governing the release of phosphorus from sediments. If
excess phosphorus/phosphate is liberated to the waterbody, then eutrophication can occur
and leads to environmental pollution.
Nitrate removal is enhanced by low pH probably due to iron corrosion (Fe o oxidization to
Fe 2+). 95 % of nitrate was removed in less than 30 minutes at initial pH 2, compared to
negligible nitrate removal within the first 10 hours at initial pH > 4 (Huang el aI. , 1998).
Feo reduced the nitrate ion to nitrite ion and oxidized by proton to Fe 2+ (equations 2.1 and
equation 2.2).
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onto ferric

Equation 2.1

Equation 2.2
Therefore. nitrate removal in environmental system is more efficient at low pH with
chemical reduction using iron metal. However, the method has two major drawbacks; it
requires acidic conditions and generates significant levels of Fe 2+ and ammonia. This
chemical reduction is a fast, simple, reliable and relatively inexpensive way to completely
remove nitrate. The ammonia and iron (II) produced can be separated from water by
, aeration followed by sedimentation (Huang et al., 1998).

2.4.4
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. Therefore, acidic
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Total organic matter content in soil

J'ypes of soi l or sediments is another factors regulating the phosphorus cycle in soil since
organic matter in soil is positively correlated with clay content and negatively correlated
with sand content (Foth, 1990). Thus, soils with high clay content tend to have a higher
content of organic matter and good soil fertility, and adsorption or fixation capacity is more
pronounced in clay soils than in coarser soils.
~
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Recent study by Watts (2000) under aerobic condition with sterile macrophyte-amended
sediments (source of organic matter) and sterile without macrophyte addition indicated that
phosphorus release was greater than from non-sterile sediments. The phosphorus release
from the steri le sediments was abiotic and uptake of phosphorus by microorganisms present
in the non-sterile sediments decreases the net phosphorus release by sediments. However,
under anaerobic condition and macrophyte addition, phosphorus release was maximal from
non-sterile sed iments, probably via pathways involving fermentative Fe 3+-reducing bacteria
where electrons are transferred from organic matter to amorphous Fe(OOH) leading to Fe 2+
and consequent release of phosphorus (Watts, 2000).
Study by Stephen et al. (1997) recorded a higher phosphorus reading from plant bed
sediment cores compared to bare sediment cores indicated that rooted marcophytes
increased sediment phosphorus release through decomposition or mineralization (organic
form of phosphorus to inorganic form of phosphorus) by microorganism. Thus, inorganic
phosphorus is released to the water column.
However, studies have demonstrated that the organic carbon effect on P sorption can be
positive (Brennan et aI. , 1994) or negative (Parfitt, 1978) or have no effect (Borggaard et
01., 1990). These conflicting results occurred because of different experimental conditions,
especially reaction time between the organic substances and oxides (Gerke, 1993). The
positive effect of organic carbon could be due to the need of orthophosphate ions to diffuse
through organic matter-oxide complexes before they reach the sorption sites and by
competition between organic acids and orthophosphate for sorption sites.
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2.4.5

Dissolved oxygen level

~

2.5

Kinetics of

The significant effect of dissolved oxygen on the release of phosphorus has been repol1ed.
An increase of phosphate release from sediment of more than two times under anoxic
conditions was observed as compared to oxic conditions (Bates & Neafus, 1980; Mawson et
al., 1983). The ratio of phosphorus release under anoxic to oxic condition could be extreme
when sediment released little or no phosphorus under oxic condition. Therefore, in system
that generally release phosphorus in normal condition, the ratio is roughly from one to ten
(Cerco, 1989).
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CercoJ 1989) found an increase of four times the sediment phosphorus release under anoxic
conditions. This was due to the change in redox condition as dissolved oxygen change. In
reduced condition Fe (III) is converted to Fe (II) and in doing so a phosphate ion is released
from the sediment into the water column. Generally under anoxic conditions the release of
phos.phate is enhanced by between 1.4 to 5 times as a compared to the release under aerobic
condfrion (Ortuno e/ 01., 2000).
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l'jiti:'ate t1ptake by sediment also decreased as dissolved oxygen (DO) increased. The
increased in the accumulation of nitrate in sediments may be due to increased denitrification
as Dctbecome unavailable. Cerco (1989) recorded almost double sediment nitrate sorption
under anoxic conditions compared to sorption under a water column saturated with
dissolved oxygen.
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Temperature

Several studies indicated that an increase in water temperature could have shown
cont1icting effects on the release of phosphate from sed iment. Cerco (1989) found that
there was no significant influence of temperature on phosphate flux and suggested that
interactions of iron and phosphate dominate sediment phosphorus exchange. However,
Jensen (1992) suggested that raising the temperature from ambient 7 °c to 14°C and 21 °c
would reduce the thickness of the oxidized surface layer and thereby induced a release of
Fe-bound phosphorus. Both these works have indicated the importance of the redox
potential. This was in agreement with Holdren and Armstrong (1980) who found that
phosphate exchange with iron-rich sediments was dominated by redox conditions
(dissolved oxygen) while phosphate exchange with calcareous sediments was dominated by
temperature effect. Cerco (1989) further noticed that at high temperature (30°C) there was
an increase in nitrate flux from the sediment by 24%.
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Kinetics of phosphates in water/sediments interface

A numbers of kinetics models have been used to describe the reaction kinetics in soil-water
systems. The models vary from the simple kinetics models of first and second order to
more complicated models such as Elovich equation, parabolic diffusion equation and
fractional power equation. Adsorption of phosphate (P) has been suggested to be
instantaneous (Schink & Guinasso 1978), which follows first-order kinetics (Van Raaphorst
et al. 1988) and Elovich equation (Chien & Clayton, 1980).

Many laboratory studies have also shown that P adsorption is comprised of both fast and
slow reactions. Adsorption of phosphate onto the surface sites of Fe oxides (Parfitt, 1978)
was suggested to be a rapid process while diffusion of phosphate into the Fe-oxide crystals
(Barrow 1983; Parfitt 1989), aggregates of crystals (Torrent el al., 1992), and the formation
ofP-containing precipitates (Van Riemsdijk et al., 1984) are slow reactions.

increased. The
a!~lrplll~pt1 denitrification

Froelich (1988) described the kinetics of phosphate adsorption onto Fe(OOH) as a
, reversible two-step processes. The first step (fast kinetics) is adsorption onto the surface
and occurs in a time scale of minutes to hours; the second step (slow kinetics) involves the
diffusion into the interior of the particles, and has a time scale of days to months.
Phosphate is rapidly released and adsorbed by particles in natural systems therefore an
equilibrium s tage arises between phosphate ions and mineral particles in streams and rivers.
This equilibrium is called the phosphate buffer system (Froelich, 1988). The phosphate
buffer system is very similar to the pH buffer system which means that phosphate will
adsorb or desorb from solid particles depending on the external phosphate concentrations.
However, once the phosphorus is adsorbed, it would not so readily desorb. Therefore, the
process is mostly irreversible (Barraw, 1983).

and suggested that
exchange. However,
°C to 14 DC and 21 DC
induced a release of

Adsorption of liquids onto solids can be described using Freundlich, Langmuir and linear
isotherms. The isotherms described the affinity between the adsorbate (chemical species 
phosphate) and adsorbent (solid - sediment). This is important information on how the
inputs of nutrients are being adsorbed by sediments in our environment and to predict the
potential of eutrophication. In the case of phosphate adsorption, only Freundlich or
Langmuir isotherms are normally adopted.

In the Langmuir equation, several assumptions are made (Evangelou, 1998): (i) the number
of surface adsorption sites are fixed, (ii) adsorption includes a single monolayer, (iii)
adsorption is independent of surface coverage, (iv) all adsorption sites are represented by
similar types of functional groups and (v) the isotherm display L-type behavior (Fig. A I).
LIogmuir isotherm equation (Equation 2.3):
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Equation 2.3

However, the Freundlich isotherm is generally considered to be purely empirical in nature
and c~ be derived from the Langmuir isothenn by assuming that there is more than one
type of sorption site (Reible, 1999). Both Freundlich and Langmuir isotherms produce
surface adsorption affinity constant but Langmuir produce one extra often-sought
adsorption maximum value. The plot of solid concentration versus aqueous concentration
prodLl;es a curve shape (Fig. A I). Freundlich isotherms has the form (Equation 2.4) :
ws ~Ku.v l /n
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Where
Ws = concentration in the solid phase
C" = concentration in the liquid phase
(XI = Langmuir adsorption constant
(X2 = maximum sorption capacity

"-.

2.6

Huang e/ at. ( 1998) a
on nitrate concentrati
the solution pH chan
reduction by iron We
initial nitrate content~

2.7

Environme

Equation 2.4

where
Ws = concentration in the so'lid phase
Cw ,d c~ncentration in the liquid phase
K = sorption constant related to the bounding energy
n = integer

An empirical model
level in water body.

F = a C" e 1

F = Fo e T·2e

Gunatilaka (1982), Portielje and Lijklema (1993), Dubus and Becquer (200 I) and others
have used the Langmuir equation to describe the sorption of phosphate by sediments while
others used the Freundlich equation (Golterman, 1995 ; Siomp et at., 1998; House et at.,
1995). With respect to energy, Griffin and Jurinak (1973) suggested that adsorption occurs
simultaneously on all sorption sites in Langmuir isotherm but higher energy sites are filled
preferentially in the initial sorption reaction.
Research has shown that the two processes which are mainly responsible for the
accumulation of inorganic phosphate are adsorption onto ferric hydroxide [Fe(OOH)] and
precipitation with Calcium ions (Golterman, 1995). These two processes are both
reversible. However, precipitation leads to a constant, maximal, solute concentration,
which is controlled by the solubility product. Any extra input of the ions into the system
wi II result in the formation of precipitation. Adsorption on the other hands does not lead to
a constant concentration and any extra input will be distributed between the liquid and solid
phases (Golterman, 1995). However, other processes such as diffusion and dispersion also
affect nutrients fluxes across the sediment-water interface (Lijklema, 1991). The degree of
sorption would very much depend on the surface charge and the surface area of the solid
(Mayer & Jarrell , 2000).

where
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