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Abstract 
	

The effects of eutrophication in lakes and the open seas has been largely the result of 
phosphorus (P) that accumulate in the sediment. Eutrophication occurs mainly in the 
waters in densely populated coastal areas and agricultural dominated areas and 
occurs when an excess of nutrients reach the soil and water. In situ capping is a 
proven method to inhibit P and is the method used in this study. A capping is placed 
on the polluted sediment surface to physically isolate it and reduce the release of P 
and prevent resuspension, i.e. suspension of already precipitated P. The possibility of 
inhibiting P by using sediment capping and the reactive filter materials (sorbents) 
argon oxygen decarburisation (AOD) slag in particle size fractions 0-0.5 mm and 2-8 
mm and electric arc furnace (EAF) slag in particle size fraction 1-2.36 mm, have been 
investigated. 
 
Soluble reactive phosphorus (SRP), also called orthophosphates, were the main 
species of P investigated in this study. A total of three studies were conducted in Lake 
Erhai in Dali China, during April 2016. One pre-study was conducted at ten different 
sites in the lake, which aimed to find the most P polluted site. This site was chosen for 
the main study. The main study aimed to investigate if the aforementioned sorbents 
managed to absorb orthophosphates after contact with lake sediment for seven days. 
The post-study was conducted to see if the sorbents themselves released any 
orthophosphates into the water. The water samples were tested for pH, conductivity 
and dissolved oxygen (DO) before and after contact with lake sediment. The slag 
materials and lake sediment were studied with inductively coupled plasma (ICP) 
spectroscopy and X-ray diffraction (XRD) to detect elements and compounds.  
 
Obtained results showed that the AOD slag (0-0.5 mm) could absorb 96% of the 
orthophosphates. However, both the AOD slag (2-8 mm) and EAF slag (1-2.36 mm) 
showed an increase of orthophosphates in the water after contact with lake sediment. 
The XRD analysis showed contents of silica (Si) and calcium (Ca) compounds in all of 
the slag materials, which was expected due to the configuration of these materials. 
The ICP analysis showed that 2% P was absorbed by the EAF (1-2.36 mm) slag, but 
there were no absorption by the AOD (0-0.5 mm) or AOD (2-8 mm) slag.  
 
The conclusion from this study is that AOD slag (0-0.5 mm) can be used successfully 
in P remediation projects because it absorbs 96% of the orthophosphates. The results 
are consistent with previous results from (Zuo et al., 2015) and (Renman et al., 2013).  
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Sammanfattning  
	

Effekterna av övergödning i sjöar och öppna hav har varit till stor del ett resultat av 
fosfor (P) som ackumuleras i sedimentet. Övergödning sker främst i vattnen i 
tätbefolkade kustområden och jordbruksdominerade områden och inträffar när ett 
överskott av näringsämnen når mark och vatten. In situ capping är det engelska 
namnet på en beprövad metod för att immobilisera P och är den metod som används i 
denna studie. En barriär placeras på den förorenade sedimentytan för att fysiskt 
isolera den och minska utsläpp av P och förhindra resuspension, vilket är förnyad 
suspension av redan utfälld P. Möjligheten att immobilisera P med hjälp av in situ 
capping och de reaktiva filtermaterialen (sorbenterna) argon syre avkolning (AOD) 
slagg med partikelstorlekarna 0-0,5 mm och 2-8 mm och ljusbågsugn (EAF) slagg 
med partikelstorlek 1-2,36 mm har undersökts.  
 
Löst reaktivt fosfor, även kallat ortofosfater, har varit den form av P som undersökts i 
denna studie. Sammanlagt så har tre studier genomförts i sjön Erhai i Dali, Kina, 
under april månad 2016. En förstudie vid tio olika platser i sjön genomfördes 
inledningsvis och syftade till att hitta den mest P förorenade platsen i Erhai. 
Huvudstudien syftade till att undersöka om de ovannämnda sorbenterna lyckades 
absorbera ortofosfater efter kontakt med sjösediment i sju dagar. Poststudien 
genomfördes för att undersöka om sorbenterna själva släppte ut några ortofosfater till 
vattnet. Vattenproven testades med avseende på pH, konduktivitet och syrgas före 
och efter kontakt med sjösediment. Slaggmaterialen och sjösedimentet studerades 
med induktivt kopplad plasma (ICP) spektroskopi och röntgendiffraktion (XRD) för 
att undersöka grundämnen och föreningar i materialen.   
 
Erhållna resultat visade att AOD slagg (0-0,5 mm) kunde absorbera 96 % av 
ortofosfaterna, men både AOD slagg (2-8 mm) och EAF slagg (1-2,36 mm) ökade 
ortofosfathalterna i vattnet efter kontakt med sjösedimentet. XRD analysen visade på 
innehåll av kisel (Si) och kalcium (Ca) sammansättningar i alla slaggmaterialen, vilket 
var ett förväntat resultat på grund av materialens sammansättning. ICP analysen 
visade att 2 % P hade absorberats av EAF (1-2,36 mm) slaggen, men ingen absorbtion 
kunde påvisas för AOD (0-0,5 mm) eller AOD (2-8 mm).  
 
Slutsatsen av denna studie är att AOD slagg (0-0,5 mm) med framgång kan användas 
för att förhindra P utsläpp eftersom den absorberar 96 % av ortofosfaterna. Resultatet 
överensstämmer med tidigare resultat från (Zuo et al., 2015) och (Renman et al., 
2013). 
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1. Introduction 

1.1 Background  

Eutrophication occurs when an excess of nutrients reach the soil and water. An 
addition of 1 g of phosphorus (P) stimulates the growth of up to 100 g algae (Nilsson 
et al., 2013). P in lakes can come from external origin such as natural and agricultural 
diffuse sources or point sources such as industrial and domestic effluents. Sediment 
also acts an an internal source for P release because it adsorbs and retains 
contaminants that have settled on the bottom (Manap & Voulvoulis, 2015) and thus 
can contribute P to the overlying waters at levels that are similar to external origins 
(Zhong et al., 2008). The most significant in terms of quantity is organically bound P 
that is deposited in the sediment (Renman et al., 2013). Internal P sources, or loading, 
may cause the water quality to be compromised for many years after a lake restoration 
(Reitzel et al., 2013a). P occurs mostly as phosphates (PO4) which are classified as 
orthophosphates (soluble reactive phosphorus, SRP), condensed phosphates and 
organic phosphates (Soltis-Muth, n.d.).  

 
There are two main facts that make P removal especially complex. The first one 
depend upon the P removal precipitation and adsorption mechanism to be a 
measurable process. The second is the amount of and the diversity of the effluent that 
needs remedy. Rural, agricultural and municipal effluents from manure runoff, dairy, 
pig farms and slaughterhouses typically have very high P concentrations of 15-2000 
mg/L and the chemical and biological composition of these effluents as well as the 
quantities vary. Fish farm effluents are characterized by much lower P concentrations 
of 0.3 mg/L, but due to the high amount of water needed in fish farms, they still 
contribute to the P loading and impose serious threat to surrounding streams (Drizo 
et al., 2006).  

Many techniques have been tested to bind P in the sediment. In situ capping is a 
method that has been developed since the late 1990s. A cap or barrier is placed on the 
sediment surface to prevent contaminents from leaving the sediment phase and get 
released into the water phase (Renman et al., 2013). Reactive filter materials are being 
investigated for the purpose of P removal and they can be divided into natural 
materials, such as clay, limestone and sand, industrial by-products such as fly ash 
(Hedström, 2006), argon oxygen decarburisation (AOD) slag (Renman et al., 2013), 
electric arc furnace (EAF) slag (Arribas et al., 2015), and industry produced filter 
materials, such as Polonite (produced from the rock Opoka) (Renman et al., 2013) 
and gypsum (Hedström, 2006), which main constituents are calcium (Ca) based 
oxides and sulphur (S) (Spears et al., 2013). A more recent industry produced filter 
material is Sorbulite which is made of autoclaved concrete (Renman et al., 2013).  
 
Aluminum (Al) addition is a well-tried method in P immobilization. However, due to 
the risks of leaching of Al into the environment, it is a technique that is regarded by 
some to be unethical. In spite of the fact that there is evidence from several studies 
that this technique has a sustainable P removal result for 5-14 years, it is not 
recommended to be used in lakes with a pH above 8 or in lakes exposed to winds, due 
to resuspension risks and due to that high pH may lead to a reduced efficiency of the 
Al (Reitzel et al., 2013a). Studies from iron (Fe) addition in a lake in Germany made in 
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1993 showed that Fe addition could have long-lasting effects on P remedy as well. 
However, Fe addition is not a common method to remove P since Fe-bound P is 
released at low redox potential (Kleeberg et al., 2013). The redox potential is sensitive 
to changes in pH and strongly influences the ionic forms of many molecules and 
atoms. It is a measurement of the ability of a material to donate or accept electrons 
(Oregon State University, n.d.). 

Sediment dredging is a method used in lake recovery to remove surface bottom layers 
that are rich in pollutants. A study made in 2005 in Taihu Lake in China, showed that 
dredging the upper 30 cm layer could effectively decrease the phosphorus in the form 
of phosphates (PO4-P) concentration and different forms of P in the sediment. 
However, dredging measures are expensive (Zhong et al., 2008) and can harm the 
environment (Manap & Voulvoulis, 2015). Phoslock, which is a sorbent made of the 
rare earth metal lanthanum (La) and bentonite clay, has been tested in several studies 
as a means to remove P, and has shown good results. Nonetheless, comprehensive 
assessments and examination of the performance of Phoslock in individual lakes is 
necessary (Reitzel et al., 2013b).  

There are many techniques available for P immobilization and the selection of the 
most suitable of materials for the removal is determined by many factors. The P 
removal capacity, the physical and chemical characteristics of the material, the 
recycling potential, cost and availability of the material to the immediate area, as well 
as the site the material will be used at, all play importants roles (Drizo et al., 2006). 
The P removal capacity of a material is an important specification for practical 
applications as it enables designers to estimate the durability of a full-scale system 
(Drizo et al., 2006).  
 
Industrial by-products as potential phosphorus sorbing products (PSPs) are of 
particular importance due to the advantages of extending the life-cycle of industrial 
waste (Spears et al., 2013). PSPs generally have high contents of Al, Fe or Ca, or a 
combination of those elements, all which are known to form mineral complexes that 
under certain physiochemical conditions have high sorption capacity for P (Spears et 
al., 2013).  

 

1.2 Objectives and scope 

This study was specifically carried out in April 2016, in Lake Erhai in Dali, China. The 
objective was to study in situ capping as a method to prevent P to leach into the water. 
Specifically, reactive filter materials (slag materials) intended to tie up 
orthophosphates and precipitating it in the form of calcium phosphate and 
hydroxyapatite have been investigated.  
 
The reactive filter materials studied were argon oxygen decarburisation (AOD) slag in 
particle size fractions 0-0.5 mm and 2-8 mm, both from Avesta Steelworks in Sweden 
and electric arc furnace (EAF) slag in particle size fraction 1-2.36 mm, from Ovako 
Steel in Smedjebacken, Sweden. These materials were chosen because they have 
shown good results in previous studies on P sorption. The materials were investigated 
by container experiments and literature studies have been performed to compare in 
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situ capping to other P removal techniques. Lake water sampled from Lake Erhai and 
the reactive filter materials were used in laboratory experiments to investigate pH, 
conductivity, dissolved oxygen (DO) and orthophosphate concentration in the lake 
water. DO is an important parameter in evaluating water quality and refers to the 
level of free, non-compound oxygen present in water (Fondriest Environmental Inc., 
2016). 
 
P and other elements in the lake sediment and slag materials were measured by 
inductively coupled plasma (ICP) spectroscopy. Compounds were identified using X-
ray diffraction (XRD). Lake Erhai is a mesotrophic lake, with moderate P pollution 
levels (Zhu et al., 2016) and in order to find the most P polluted site of the lake, a pre-
study was conducted using small vessels, with samples of lake sediment and lake 
water from ten different sites in Lake Erhai. The results from the pre-study decided 
which of the ten sites to use for the main study with the reactive filter materials.  
 
To my knowledge and the knowledge of the Yunnan Dali Research Institute where this 
study was conducted, research using AOD slag and EAF slag as sediment capping 
materials for P removal has not previously been conducted in China. The result from 
this study will be a calculation of the concentration of P (how much P in mg/L) the 
slag materials and lake sediment contain before and after absorption of lake water. 
Furthermore, a calculation of the weight% of P in aforementioned materials will be 
performed. The results will be compared and the orthophosphate concentrations in 
the lake water before and after contact with lake sediment will be calculated, in order 
to evaluate which of the slag materials that performs best as P remediation material.  
 

2. Previous studies on P sorption 

2.1 Phosphorus sorbing products (PSPs)  

In a study (Spears et al., 2013), the P sorption properties and the elemental 
composition of six industrial waste-products were tested as potential phosphorus 
sorbing products (PSPs) in P remediation projects in UK lakes. PSPs generally have 
high contents of Al, Fe or Ca, or a combination of those elements, all which are known 
to form mineral complexes that under certain physiochemical conditions have high 
sorption capacity for P (Spears et al., 2013). The industrial waste-products tested were 
sander dust, mag dust, gypsym and vermiculite, all which are waste products from 
building procedures and red ochre and black ochre, which are waste products from 
treatment of abandoned mine waters and Phoslock, which is a lanthanum (La) 
bentonite product. The purpose of the study was to perform a comparative evaluation 
of the P binding properties of those six PSPs and Phoslock (Spears et al., 2013).  

2.1.1 Elemental components 
Red and black ochre constituted of relatively high contents of strontium (Sr), nickel 
(Ni) and rubidium (Rb), whereas the main constituents were Fe and silicon (Si) 
oxides. Gypsym’s main constituents were Ca based oxides and sulphur (S). Mag dust, 
sander dust and vermiculite were composed mainly of Si and Ca oxides. An important 
constituent of vermaculite were magnesium (Mg) oxides. The main constituents of 
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Phoslock were Al and Si oxides and the La content of the Phoslock constituted >5% of 
the composition. Al was an important constituent in all products, with the exception 
of gypsum and red ochre (Spears et al., 2013). 

2.1.2 Trace elements 
Vermiculite had comparatively high content of the trace elements barium (Ba), 
chromium (Cr), copper (Cu), bromine (Br), Ni, Rb, Sr, zinc (Zn), zirconium (Zr) and 
iodine (I). Sander dust had only high Sr, Zn and Zr contents. Red and black ochre had 
comparatively high contents of Sr, Ni and Ba. The Zr content was also relatively high 
in black ochre. Trace element contents were relatively low for both gypsum and mag 
dust, except for the Sr content in gypsym and with the exception of Rb and Sr in mag 
dust (Spears et al., 2013).  

2.1.3 Mass of PSP required to bind P 
Results from their study showed that vermiculite, mag dust and sander dust had 
significantly higher sorption capacities than all other PSPs. The P sorption capacities 
ranged from dry weight (d.w) 4 g/kg of product for black ochre, to 63 g/kg P d.w. for 
sander dust, with products composed mainly of calcium oxide (CaO) and silicon 
dioxide (SiO2). For gypsym, no significant P sorption was reported (Spears et al., 
2013). Thus, according to Spears et al., (2013), it is unlikely that gypsum can be used 
effectively in lakes to remove P through sorption.  

Another conclusion from the study by Spears et al., (2013) is that more directed 
chemical tracking approaches are needed to identify the dominant P binding 
mechanisms of each PSP product (Spears et al., 2013). 

 

 
Figure 1: Mass of each product required in binding Pmobile across 2 cm, 5 cm, 10 cm and 14 cm of 
surface sediment in the lake Linlithgow Loch. Gypsym not included (Spears et al., 2013). 
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2.2 Aluminum (Al) addition 

Al addition is a proven technique to immobilize P in sediments in lakes with high 
internal P loading (Renman et al., 2013). It is considered to be an economical lake 
restoration method (Reitzel et al., 2006). The dose of Al is based on the mobile P pool 
(sediment and water column) in the whole lake system, which improves the chances 
for a resilient P reduction in the water body (Reitzel et al., 2013a). 

Al is added to surface water as alum or poly-aluminum chloride. The Al undergoes 
hydrolysis between pH 5-8.5 and forms Al(OH)3 (Al floc) and H+, which results in a 
lowered pH. The Al(OH)3 is sensitive to occurrences that can cause the Al floc to 
dissolve into the water, which would result in resuspension of P (Reitzel et al., 2013a). 
Such occurrences are common in low alkaline lakes with pH below 5.5, because the 
low pH leads to a phase shift from solid Al floc to dissolved Al. The dissolved Al is 
toxic to fish and organisms so Al addition to low alkaline lakes requires use of an 
alkaline buffer in addition to the aluminum salt (Reitzel et al., 2013a). However, high 
pH may lead to a reduced efficiency of the Al since bound P might be substituted by 
hydroxyl ions. Al treatment is therefore not recommended for lakes with pH levels 
above 8 in the overlaying water or for lakes exposed to winds, due to the risk of 
resuspension (Reitzel et al., 2013a). Another objection to the use of Al salts is that the 
spread of chemicals is a violation of the London Convention on the protection of 
marine environment (Renman et al., 2013). Consequently, binding P with Al salts is 
considered by some to be an ethical issue. However, there is a vast agreement that P 
immobilization with Al salts provides long-term (5-14 years) control of P mobility 
(Kleeberg et al., 2013).  

2.2.1 A study of six Danish lakes 
From 2001 to 2009, a study was carried out by Reitzel et al., (2013a) of six Danish 
lakes that had been exposed to Al flocs from 1 to 9 years. Through the study, they 
wanted to gain more understanding of the reaction of formerly precipitated Al(OH)3 

to changing pH and the possible effect of aging Al flocs on pH. In order to achieve this 
they performed a laboratory experiment with sediment from the six Danish lakes that 
had been treated with Al. All six lakes were treated with poly-aluminum chloride 
during October and the added amount of Al was 10-54 g Al/m2 treated lake bottom. 
The maximum depth of the lakes was 2-12 m and the mean depths ranged from 1.3-
5.0 m (Reitzel et al., 2013a).  

Measurements showed a tendency for increased dissolved Al with increasing pH in 
five of the Al treated lakes. In only two of the lakes, the Al concentration was close to 
100 mg Al/L, which has been adopted as the upper limit of dissolved Al in hard water 
lakes. Results also showed that at depths of 8-10 cm, the Al was found in topmost 
concentrations and at depths below 14 cm, the Al remedy had no effect (Reitzel et al., 
2013a).  

At pH 9.5, the release of orthophosphates from the sediment cores showed a 
considerable increase in two of the lakes. They found no correlation however between 
the orthophosphates and Al release rates at pH below 9.5. A reason for this may be 
that they compared lakes where the Al:P dose ratios were different (Reitzel et al., 
2013a). The pH dependent Al release relative to P was higher in the lakes with the 
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highest Al:P ratios and this can be explained by the greater quantity of Al available for 
pH dependent dissolution relative to orthophosphates (Reitzel et al., 2013a). 

The conclusion from their study is that the mechanism of the pH dependent 
mobilization of dissolved Al is independent of the source of Al(OH)3  in the Al treated 
sediments. It does not matter if the Al was naturally occurring or added to the lake. 
The pH dependent mobilization also turned out to be independent of the age of the Al 
remedy. Reitzel et al., (2013a) conclude based on their study that shallow polymictic 
lakes that are exposed to resuspension and high pH should not be treated with Al 
(Reitzel et al., 2013a). Polymictic lakes have recurrent periods of circulation and 
mixing and occur in regions of low seasonal temperature differences and they are 
subject to swiftly fluctuating winds, often with large temperature variation during the 
day (Thomas et al., 1996). 
 

2.3 Iron (Fe) addition 

The use of Fe to precipitate or immobilize P in lakes is not a common method and 
there are no guidelines in terms of the Fe dose (Kleeberg et al., 2013). Nevertheless, 
the higher the Fe:P ratio in the surface sediment, the lower the P release rate. 
Sorption of P to Fe complexes can significantly remove P from the water column. Yet, 
iron salts have been regarded as unsuitable precipitants for sustainable sedimentary P 
immobilization in that Fe-bound P is released at low redox potential (Kleeberg et al., 
2013).  
 
Kleeberg et al., (2013) studied a single Fe application made in 1993 with dissolved 
ferric chloride (FeCl3) and solid ferric hydroxide (Fe(OH)3), each at a dose of 250 g 
Fe/m2, applied to parts of the lake deeper than 4 m. The Fe application was made in a 
dimictic lake (Kleeberg et al., 2013) which is a lake that in the winter cool below 4°C 
and that experience two turnover periods (mix water from the bottom to the surface 
twice a year) (Encyclopedia Britannica, 2016).  

Their hypothesis was that Fe addition could, although redox-dependent, contribute to 
P retention. By making a comparison of periods that were aerated and non-aerated 
they were able to test the hypothesis. Their conclusion was that a single Fe 
application, at low external P loading, could stabilize P binding long-term. Surplus Fe 
is however necessary to compensate for Fe binding by organic matter (Kleeberg et al., 
2013). 
 

2.4 Phoslock  

In the presence of orthophosphates, Phoslock forms a very stable mineral known as 
Rhabdophane (LaPO4). The La in the clay structure can either remain in the LaPO4 
structure or react with the phosphate anion in the water body. The La ions could be 
toxic to some aquatic organisms and one leachate experiment has shown that La could 
be released from the material, but only in negligible quantities of 0.13-2.13 mg/L and 
granted that Phoslock is applied in a dose of 250 mg/L, which is considered a worst-
case scenario dose. Thus, Phoslock has been classified as not hazardous (Zamparas et 
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al., 2015). Through a series of large and small-scale field experiments and laboratory 
experiments it has been shown that Phoslock can reduce the orthophosphate 
concentration by more than 97% within 24 to 36 hours in a water column (Zamparas 
et al., 2015).  

In a study carried out by Zamparas et al., (2015), the aim was to investigate the 
adsorption process of phosphate onto Phoslock from both an experimental and a 
theoretical perspective. They tested the phosphate adsorption versus pH and 
adsorption kinetics and how the phosphate uptake capacity was affected by 
temperature and salinity. The tests were performed in fresh, brackish and marine 
waters (Zamparas et al., 2015). 

2.4.1 Adsorption kinetics of phosphate uptake by Phoslock 
Results from their study showed that during the first 50 min of adsorption, the rate of 
phosphate capturing was highest. At 100 min, the rate of removal was almost 
insignificant (Figure 2). The sorption equilibrium started to form after nearly 120 min 
of sorption (Zamparas et al., 2015). 

 
Figure 2: Adsorption kinetics of phosphate-uptake by Phoslock. Adsorbent dose 0.02 g, phosphate 
concentration of 0.1 mg/L, pH 7.0, T = 25 ◦ C (Zamparas et al., 2015).   
 

2.4.2 Effect of temperature and salinity on P removal 
The temperature investigated in the study ranged from 5°C to 35°C. As can be seen in 
Figure 3, high temperature is advantageous for phosphate adsorption on bentonites, 
since an increase in adsorption capacity with increase in temperature can be seen. 
This illustrates that the ion-exchange mechanism is helped at higher temperatures 
and that the adsorption reaction is of endothermic character. The increases in 
adsorption capacity of Phoslock at higher temperatures may be caused by higher 
reaction rate and stronger diffusion at higher temperatures (Zamparas et al., 2015). 
The efficiency of temperature from a theoretical perspective was higher than the 
efficiency of temperature measured experimentally. Phoslock had the most obvious 
effect on phosphate ion removal at salinity close to that of fresh water, which is 
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illustrated in Figure 4. Second most efficient was brackish water and the least effective 
was marine water salinity (Zamparas et al., 2015).   

 
Figure 3: Phosphate-uptake by Phoslock and the effect of temperature (Zamparas et al., 2015). 

 

 

Figure 4: Effect of salinity on phosphate-uptake by Phoslock (Zamparas et al., 2015). 

2.4.3 Effect of pH on P removal 
The effect of pH on the removal of phosphate species was investigated in the pH range 
between 5 and 9. At water-adsorbent interfaces, pH is regarded as one of the most 
important parameters that rule the adsorption process (Zamparas et al., 2015). Figure 
5 shows how the adsorption process varied with pH. Phoslock’s phosphate adsorption 
efficiency approaches a maximum of 93% at pH 6 and drops to 81% at pH 9. The pH 
dependent increase is caused by the increasing adsorption of formed phosphate 
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anions. The surface sites of the bentonite clay and La ions are positively charged. 
When the pH is over 8, the clay surface becomes negatively charged and so the 
phosphate adsorption declines (Zamparas et al., 2015). 

 
Figure. 5: Influence of pH on phosphate-uptake by Phoslock. Adsorbent dose 0.02 g, phosphate 
concentration of 0.1 mg/ and contact time 3 h (Zamparas et al., 2015). 
 

2.4.4 Efficient dose of Phoslock 
The Phoslock dose is based on the amount of P in the water in addition to the size of 
the mobile P pool in the sediment; hence surplus Phoslock will be buried in the 
sediment (Reitzel et al., 2013b). For that reason, it is important to identify the most 
efficient dose of Phoslock in order to obtain a resilient P reduction and at the lowest 
cost. 

The main conclusion of their study (Reitzel et al., 2013b) in terms of dose, was that 
the Phoslock:P ratio of 100:1 (which is the recommended Phoslock:P ratio), was too 
low to be able to decrease the orthophosphate concentrations to below 10 mg P/L in 
all but one of the investigated lakes. This is likely a result of an intricate interaction of 
Phoslock with pH and ions in the water column. However, when the Phoslock:P ratio 
was increased to 200, Phoslock was able to eliminate orthophosphates from the water 
column in all of the tested water types, which points to that Phoslock might work in all 
lake types if a high enough dose is used. The mechanism of orthophosphate binding 
by Phoslock needs further investigation, especially in terms of efficiency of Phoslock 

in diverse kinds of lake water. An all-encompassing assessment and examination of 
the performance of Phoslock in individual lakes are necessary prior to Phoslock 
treatment (Reitzel et al., 2013b).  
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2.5 EAF and AOD slag to remove P  

The P removal effectiveness of EAF slag in longer-term column experiments was 
investigated by Drizo et al., (2006). They wanted to determine the capacity of EAF to 
remove P from a solution containing initially 20 mg P/L for 114 days, then 400 mg 
P/L for 21 days. The particle size fraction of the EAF slag used in their study was 2.5-
10 mm. Results showed that the maximum amount of P that could be removed by the 
EAF slag exceeded 2.2 mg P/g of slag (Drizo et al., 2006). The EAF slag was nearly 
100% efficient due to specific P adsorption onto metal hydroxides and precipitation of 
hydroxyapatite (HAP) (Drizo et al., 2006). The pH values of the effluents were pretty 
high, between 10.6 and 11.4 for the slag, which was in the range of values that support 
formation of HAP. HAP is one of the many solution compositions of Ca-P that may 
form, depending on the pH and the solution composition of Ca and P (Drizo et al., 
2006).  

AOD slag has also shown good results as a P removal material. In a study by Zuo et al., 
(2015), the P removal performance of AOD slag for use as wastewater treatment 
material was investigated. The particle size fraction used in their study was 1-2 mm. 
Real waste water and synthetic P solution was used in batch experiments. It was 
found that AOD slag removed 94.8% P from a synthetic P solution in 4 h and 97.8% in 
10 h. It removed 88% P from wastewater in 22 h. This high P removal efficacy was 
accompanied by a rapid increase in pH from 7.0 to 10.74. A possible explanation for 
the quick increase in P removal is rapid precipitation of phosphate (Zuo et al., 2015).  
 

2.6 Polonite and Sorbulite to remove P   

In a study by Nilsson et al., (2013) the efficiency of Sorbulite was compared with 
Polonite’s efficiency in terms of P removal effectiveness. The results showed that the 
amount of sorped PO4-P was 1.14 mg/g with Polonite, accompanied with a pH 
decrease from 13.4 to 7.9. The mean removal of the total load was 80.9%. The amount 
of sorped PO4-P with Sorbulite was 2.64 mg/g accompanied with a pH decrease from 
9.1 to 8.9 and removal of 90% that decreased to 75%, with a mean removal of 74.9%. 
Although the percentage removal of phosphate was higher in Polonite, the amount of 
phosphate sorped to the materials was higher in the Sorbulite material. This is most 
likely due to the higher porosity and specific surface area of Sorbulite (Nilsson et al., 
2013).  

Noticeable is that the amount of PO4-P removed by Polonite in this study was much 
lower compared to Polonite’s maximum sorption capacity of 119 mg/g. However, the 
study where the maximum sorption capacity was obtained used material with a 
particle size fraction of 0-0.5 mm, thereby resulting in a much larger specific surface 
area (Nilsson et al., 2013).  
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2.7 Sediment dredging   

Sediment dredging is a method used in lake recovery to remove surface bottom layers 
that are rich in pollutants in an attempt to control their release. Dredging measures 
are expensive, thus it is important to investigate the long-term effect prior to dredging 
(Zhong et al., 2008). 

In a study by Zhong et al., (2008), carried out in Taihu Lake, which is the third largest 
freshwater lake in China, with an average depth of about 2 m and a surface area of 2 
338 km2 (Zhong et al., 2008), a laboratory experiment was performed through a six-
month incubation of dredged and undredged (blank) cores to investigate the effect of 
sediment dredging on P release from the sediment in the lake (Zhong et al., 2008).  

It was shown that dredging the upper 30 cm layer could effectively decrease the PO4-P 
concentration and other forms of P in the sediment. The results also showed that the 
contents of P in different chemical forms in most cases decreased with depth (Zhong 
et al., 2008). In the upper 0-2 cm layer of the undredged cores the mean 
concentration of PO4-P ranged from 9-644 µg/L. The mean concentration in the 
dredged cores ranged from 3-14 µg/L. The concentration remained less than 20 µg/L 

for the dredged cores whereas the concentration varied with seasons for the 
undredged cores. Also, the P in the sediment of the dredged cores showed lower 
release potential than the undredged cores (Zhong et al., 2008). Given that the 
external P loading is notably decreased, Zhong et al., (2008) propose that dredging 
may be a useful technique for recovering the aquatic environment. However, sediment 
dredging causes a variety of impacts that are highly dependent on the levels of 
contamination of the dredged sites and the technology used. Dredging can cause 
changes in the seabed surface, create litter clouds (plumes) and spread contaminants 
from the sediment into the water which in turn can harm fish and other organisms 
(Manap & Voulvoulis, 2015). Opposed to Zhong et al., (2008), their review suggests 
that the impacts of sediment dredging are largely detrimental to the environment.  
 

2.8 In situ capping   

In situ capping is a method to chemically and/or physically isolate impacted sediment 
by placing a passive or active layer of clean material over contaminated sediment. It is 
a proven technology for sediment remediation and is considered more cost efficient 
than other approaches. The capping serves the purpose to physically isolate the 
polluted sediment, to reduce the release of dissolved pollutants into the water column 
and to stabilize the sediments and prevent resuspension (Xu et al., 2012).  

2.8.1 Fertile sediment and macrophyte as capping material 
In situ capping by using unpolluted and fertile sediment as capping material alone 
and together with the macrophyte (plant) Vallisneria natans (V. natans) has been 
investigated by Zhu et al., (2016) in Haichao Bay in the northern part of Lake Erhai. 
The total phosphorus (TP) concentration was 418–1108 mg/kg in the surface 
sediment, which was about 20 cm thick and Fe/Al bound P was the main form of TP 
(Zhu et al., 2016). The soil used for the sediment capping was abundant in Al and 
oxidized Fe. To enhance the P uptake from the fertile sediment and lock the P in the 
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sediment, the soil was dried and grinded into small granules to increase the surface 
area and the porosity. This procedure also counteracted the low redox potential (Zhu 
et al., 2016).  
 
The study by Zhu et al., (2016) showed that using local unpolluted soil alone or 
together with V. natans, improved the water quality substantially. The TP had 
decreased in the water column which suggested that there was less P released from 
the fertile sediments (Zhu et al., 2016). The TP concentrations were initially low 
(0.029 mg/L) with a tendency to increase, but maintained a relatively stable level 
between 0.03 mg/L and 0.10 mg/L during the entire experimental period. The 
orthophosphate concentrations varied irregularly with time (Zhu et al., 2016). 

The study also showed that re-vegetation of V.natans had a slightly better effect on the 
water quality than sediment capping alone. One reason for this could be that the 
water from the plants reduced the uptake of P. Submerged macrophytes were 
reported to improve the water quality by competing with phytoplankton for nutrients 
and light, as well as by stabilizing sediment and by protecting algae filtering 
zooplanktons (Zhu et al., 2016). The blank sample (untreated sample) showed release 
of nutrients from the sediment into the water which could have been caused by 
resuspension of the soft sediment, which in turn could be due to the windy location of 
Lake Erhai and due to that the experimental site was located in shallow water (Zhu et 
al., 2016). 
 
The conclusion from their study was that sediment capping with local unpolluted soil 
was effective in deminishing P release from fertile sediment and as follows prevented 
growth of phytoplankton. The water quality was improved somewhat by using re-
vegetation with V. natans, particularly for orthophosphates. However, long-term 
effects of the treatments need to be evaluated. Moreover, re-vegetation using V. 
natans together with sediment capping or using the sediment capping alone, likely 
diminished the effects of processes related to algae growth (Zhu et al., 2016).  

2.8.2 AOD slag as capping material 
In the environment of anaerobic sediments, Renman et al., (2013) conducted a study 
of the use of AOD slag in an attempt to remove P from sediments of the Baltic Sea. 
Batch, pot and column experiments were performed that simulated real seabed 
conditions (Renman et al., 2013).  
 
Results showed that the AOD slag had promising sorption qualities when fine qrinded 
(0-0.5 mm). AOD slag with the particle size fraction 0-0.5 mm can bind more or a 
great deal more than 10 g P/kg. Coarse AOD slag (2-6 mm), which was also 
investigated in their study, can not be recommended according to Renman et al., 
(2013), because it does not bind P as effectively in contact with the sediment. The 
results also showed that the binding of P was successful in environments with oxygen 
deficiency and with the presence of hydrogen sulfide. The presence of hydrogen 
sulfide and sodium chloride disturbed the absorption of P but the impact of this 
disturbance was however not investigated further (Renman et al., 2013). 
 
The experiments showed that surface coverage with a reactive fine barrier is a better 
method than spreading granular sorbent. Scattered granular material has a much 
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smaller surface area and reactivity than fine-grained material in the thin layer coating 
(Renman et al., 2013). One of the aims with their study was to calculate the amount of 
sorbent required for binding P from the sediments. According to their preliminary 
assessment, at least 3 kg/m2 is necessary. It may be enough with only 1 kg/m2 if the 
aim is to halve the P leakage. There are however great uncertainties about the 
exhaustion of a sorbent over time (Renman et al., 2013). 
 
The conclusion by Renman et al., (2013) is that it is possible to inhibit P leaks from 
anaerobic bottoms in the Baltic Sea by using the alkaline sorbent AOD slag. Another 
conclusion is that the technique to apply alkaline sorbents need to be more developed 
and to be tested in full-scale attempts. Ocean bottoms must be treated repeatedly to 
achieve a permanent result (Renman et al., 2013). 

2.8.3 Polonite and Sorbulite as capping materials  
Polonite is a reactive sorbent made from the siliceous sedimentary rock Opoka and 
consists mainly of calcium carbonate and silica. Opoka has high porosity and surface 
area, about 60 m2/g and as Polonite the material becomes reactive for P (Renman et 
al., 2013). The binding of P is long-lasting which can be beneficial in small sewage 
treatments (Renman et al., 2013). Sorbulite is a reactive sorbent produced from scrap 
material from the manufacture of autoclaved aerated concrete (Nilsson et al., 2013).  

In the in situ capping study by Renman et al., (2013), Polonite showed best capacity to 
bind P of all filter reactive materials they tested, including AOD slag. Fine grinded 
Polonite and Sorbulite in particle fraction size 0-0.5 mm can both bind more than 10 
g P/kg (Renman et al., 2013). In addition, they concluded that the more fine grinded 
the material is, the greater the P binding capacity. This was particularly noticeable for 
Polonite which had a lower sorption capacity (2-10 g P/kg) in the particle fraction size 
2-6 mm. An exception was Sorbulite which has a different kinetics that allows even 
coarser material to have large P binding capacity. Also something that was concluded 
in the study by Nilsson et al., (2013). There are many factors that can affect the 
exhaustion of a sorbent. Furthermore, there is risk of desorption, i.e. the P becomes 
exposed if it has not already been converted to the stable phase hydroapaxite (HAP) 
(Renman et al., 2013). Polonite has high pH, initially 12, which can damage 
organisms. Therefore, spreading the material directly at the sea surface can not be 
recommended. From a sustainability perspective, the choice of sorbent for sediment 
treatment should be based on natural raw materials or waste products that are 
abundant in the area of study (Renman et al., 2013).  
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3. Materials used in this study 

3.1 Argon oxygen decarburisation (AOD) slag 

AOD slag is a by-product from the steelmaking industry and it can be used as a 
reactive sorbent in sediment capping for inhibition of P released from sediment 
(Renman et al., 2013). Common ranges of application for AOD slag is in road 
construction, cement production and fertilizer production (Zuo et al., 2015). For every 
ton of stainless steel produced, 270 kg AOD slag is produced as a by-product. Due to 
the huge production volume and the increasing amounts of AOD slag, it can be a 
promising material to be used in P removal remediation (Zuo et al., 2015). The price is 
approx. 200 SEK/ton, but fine grinded slag increases the price because the material is 
only available in a very coarse-grained form (Renman et al., 2013).  

The AOD slag used in this study was obtained from the steelworks in Avesta in 
Sweden. The slag is porous and has a white/beige colour (Figures 6 and 7). It contains 
more than 35% Ca and precipitates P via Ca-PO4 precipitation. The dissolution of 
calcium silicate from the slag highly decides the formation of the precipitate (Zuo et 
al., 2015).  

By-products may contain contaminants from industrial processes or heavy metals 
from the ore and AOD slag contains small amounts of chromium (Cr) and titanium 
(Ti). However, leach tests show low metal leaching, therefore damage to the 
environment is not likely (Renman et al., 2013). 

 

Figure 6.: AOD slag 0-0.5 mm.         Figure 7: AOD slag 2-8 mm.  
 

3.2 Electric arc furnace (EAF) slag  

EAF slag is also a by-product from the steelmaking industry. Its chemical composition 
is based on its content of Ca, Fe and Si oxides. The Fe and Ca oxides are representing 
35% and 30% respectively of the total composition. Both Fe and Ca are known to play 
an important role in P retention by soils and sediments (Drizo et al., 2006). Fresh 
EAF slag often contains small amounts of free-CaO (also called free-lime). Al, Mg, 
manganese (Mn) and P oxides are also present. High Ca content and alkalinity also 
makes EAF slag favorable for P removal (Zuo et al., 2015). It is a somewhat porous, 
hard, stony material (Figure 8). The colour is black due to the presence of iron oxides 
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(Arribas et al., 2015). EAF slag has a specific P adsorption onto metal hydroxides and 
precipitates HAP (Drizo et al., 2006).  

 

Figure 8: EAF slag 1-2.36 mm. 
 

The slag manifests barium (Ba), vanadium (V) and Cr leaching that can be dangerous 
to people and the environment (Mombelli et al., 2016). A correct balance of the basic 
oxide species could however reduce the slag’s environmental impact (Mombelli et al., 
2016). The EAF slag used in this study was obtained from Ovako Steel in 
Smedjebacken, Sweden.  

 

3.3 Sediment  

The sediments from the ten different sites in Lake Erhai sampled in the pre-study had 
different appearance (Figure 11 and Figure 12). See Appendix, Table 16, for a detailed 
description of each sediment.  
 

4. Methods and results 

4.1 Analytical methods  

4.1.1 pH, conductivity and dissolved oxygen 
All water samples were tested in field. The pH was measured with a portable PHB-4 
pH 201103 meter, the dissolved oxygen was measured with a portable DISSOLVED 
OXYGEN METER YSI 5000 and the conductivity was measured with a portable 
Cond/temp/TDS/salt/Logger 8306.  
 
The lake water in the pre-study, after contact with lake sediment for five days, was 
measured at the laboratory with a pHS-3C PH METER MODEL 200707. The DO was 
measured with a portable HACH HQ30d flexi meter and the conductivity was 
measured with a SLDS-I Conductivity Meter Instrument 201004. All the 
measurements were performed in normal room temperature (20°C). The lake water 
in the main study with the slag materials, after contact with lake sediment for seven 



	 	 	 	 	 	 	 	  
	

	 22	

days, was also measured at the laboratory with the aforementioned instruments. The 
results from the post-study were obtained with the same instruments.  

4.1.2 Detection of orthophosphates 
Soluble reactive P (SRP) was analyzed according to the Chinese standardization for 
detecting orthophosphates (国家环境保护总局, 2002). 

The following procedure was performed: 
• A 50 ml water sample was put in a 50 ml glas tube.  
• Subsequently, 1 ml of ascorbic acid (10%) was added. 
• 30 seconds later, 2 ml of molybdate was added.  
• 15 minutes later, the samples were tested in a Spectrophotometer at 

wavelenght 700 nm and with the path length 30 mm. 

4.1.3 Inductively coupled plasma (ICP) analysis 
P and other elements in the lake sediment and slag materials, before and after 
absorption were measured by inductively coupled plasma (ICP) spectroscopy with a 
PS3520UVDD ICP Optical Emission Spectrometer HITACHI.   
 
The following procedure was performed to prepare the samples for the ICP analysis:  
1. Each material was grinded into a fine particle powder and measured to 0.1 g. 
2. The samples were subsequently put in their respective heat resistant Teflon 

Crucible tube.  
3. 14 ml hydrogen fluoride (HF) and 2 ml nitric acid (HNO3) were added to each 

tube and heated until the samples were dry. The tubes were then left in room 
temperature to cool to room temperature.  

4. After cooled to room temperature, 10 ml HF was added to each sample and the 
samples were heated to dry and cooled again to room temperature.  

5. Subsequently 4 ml perchloric acid (HClO4) was added to each tube and they 
were heated until no smoke could be seen.  

6. 10 ml HNO3 (50%) was added to each tube and the samples were heated again 
until the materials were dissolved. 
 

The purpose of this procedure was to extract elements from the samples by dissolving 
them and turning them into liquid samples. The samples were each moved to their 
respective GG-17 glass bottle and deionized water was used to fill up each glass bottle 
and create a 100 ml liquid sample for each material.  

4.1.4 X-ray diffraction (XRD) analysis 
XRD measurements show structural composition, content and size of crystal 
structures in a compound. Compounds in the lake sediment and slag materials, before 
and after absorption, was indentified by XRD using a XRD-6000 Shimadzu X-ray 
diffractometer.  

4.1.5 Equations for the orthophosphate calculation 
The following equations were used to calculate the orthophosphate concentrations in 
the lake water. Abs is an abbreviation for absorption and refers to the amount of light 
absorbed at a particular wavelenght. The blank is used for the calibration of the 
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instrument. The numbers used in equation [2] are from the standard curve equation 
(Appendix, Figure 19). 
 

𝑀𝑒𝑎𝑛 𝐴𝑏𝑠 =
𝐴𝑏𝑠1− 𝐴𝑏𝑠2

2 − 𝐵𝑙𝑎𝑛𝑘                                                                   [1]  
 
𝑀𝑎𝑠𝑠
𝑊𝑒𝑖𝑔ℎ𝑡 =

𝑀𝑒𝑎𝑛 𝐴𝑏𝑠 − 0.0022
0.0097                                                                            [2]    

     

𝐶 =
𝑚
𝑉 → 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =

𝑀𝑎𝑠𝑠/𝑊𝑒𝑖𝑔ℎ𝑡
𝑉𝑜𝑙𝑢𝑚𝑒                                                     [3]                

 

4.1.6 Equation for the orthophosphate calculation in % 
The following equation was used to calculate the absorption of the orthophosphates in 
the lake water when the slag materials (sorbents) were compared to the reference at 
10 cm and 1 cm respectively. C is referred to as the concentration of orthophosphates.  
 
𝐶!"#$% !"#!"#$%!&

𝐶!"#"$"%&"
− 1 ∗ 100 % = 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 %                                 [4]    

 
In the cases where the orthophosphate concentrations were higher than the reference, 
the following equations were used: 
 
𝐶!"#$% !"#$%&'($) − 𝐶!"#"$"%&" = 𝐶!"#$%&'% !" !"#!!"!!"#!!"#$                        5  

 
𝐶!"#$%&'% !" !"#!!"!!"#!!"#$

𝐶!"#"$"%&"
∗ 100 % = 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 %                                 6       

 

4.1.7 Mass calculation for the post-study experiments 
The following equations were used for calculating the mass ratio of slag to be 
measured for the post-study. The containers were used in the main study, whereas the 
vessels were used in the post-study.  
 
𝑚!

𝑉!
=
𝑚!

𝑉!
=

𝑀𝑎𝑠𝑠 𝑠𝑙𝑎𝑔 !"#$%&#'(
𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟!"#$%&#'(

=
𝑀𝑎𝑠𝑠 𝑠𝑙𝑎𝑔 !"##"$

𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟 !"##"$
                         [7]         

 

⟶ 𝑀𝑎𝑠𝑠 𝑠𝑙𝑎𝑔!"##"$ =
𝑀𝑎𝑠𝑠 𝑠𝑙𝑎𝑔!"#$%&#'(

𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟!"#$%&#'(
∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟!"##"$           [8]                      

 

4.1.8 Equations to calculate the weight % of P in the ICP analysis 
Each 100 ml liquid sample contained 0.1 g (100 mg) solid material.  

 
100 𝑚𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 (100 𝑚𝑔): 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑚𝑔 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑚𝑔
𝐿 ∗ 0.1 (L)                                               [9]        
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𝑊𝑒𝑖𝑔ℎ𝑡% = 𝑤𝑡% =
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
100 𝑚𝑔                                                                        [10]      

 

4.2 Experimental site  

Lake Erhai is located in the subtropic Yunnan Plateu in China. It has a total area of 
249.8 km2, its max water depth is 20.5 m and mean water depth is 10.5 m (Zhu et al., 
2016). The lake is mesotrophic, which means that it contains a limited range of 
nutrients, mainly phosphate and nitrate. Normally, mesotrophic lakes have a nutrient 
concentration of 0.01 - 0.03 mg/L of phosphate and 0.3 - 0.65 mg/L of nitrate (North 
East Biodiversity, 2016). Lakes that are mesotrophic, potentially have the highest 
diversity of plants and animals of any lake type and the main threat to mesotrophic 
lakes comes from eutrophication (North East Biodiversity, 2016). In the 1980s about 
40% of Lake Erhai was covered by submerged vegetation (Zhu et al., 2016), which is 
grasses that are rooted and that grow to the surface of shallow water (National 
Oceanic and Atmospheric Administration, 2016). The submerged vegetation 
considerably went down in 2002-2003 to less than 10% of the water surface. In the 
past years, Lake Erhai has been enriched by rural sewage and runoff from agriculture, 
however the external loading has not continued to increase due to the use of less 
fertilizer in agriculture crops. Recently, a National High Technology Research and 
Development Program of China has been implemented in Lake Erhai with the aim to 
decrease external nutrient loading and use ecosystem management to improve the 
water quality (Zhu et al., 2016). According to Chinese standardization, a lake is 
considered oligotrophic (nutrient deficient) if the TP concentration is <2.5 µg/L, 
mesotrophic at <25 µg/L and subject to eutrophication at concentrations of <200 
µg/L (Shu, 1993). 

 

 

4.3 Experimental design  

4.3.1 The pre-study  
In April 2016, a pre-study was conducted where sediment samples and lake water 
samples were collected from ten different sites in Lake Erhai (Table 1) by using a 
sediment gravity corer (Figure 9) and a water sampling instrument (Figure 10). The 
lake depth of the respective sites was not measured at this particular time, however 
the average depth of Lake Erhai is 10.5 m (Zhu et al., 2016). The pH, conductivity and 
DO were measured in field and the mean lake water temperature of all ten sites was 
16.3°C. 
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Figure 9:  The sediment gravity corer used for sediment sampling.  
 
 
  

 
 
Figure 10: The water sampler. 
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Table 1: The GPS locations of the ten sampling sites in Lake Erhai.  
 

Sampling 
site 

North 
latitude 

Longitude 

5 25.73376° 100.21125° 
6 25.768160° 100.189433° 
7 25.81086° 100.16019° 
8 25.81905° 100.21853° 
9 25.87947° 100.14265° 
10 25.86596° 100.17908° 
12 25.90849° 100.11791° 
13 25.93099° 100.17366° 
14 25.92427° 100.13644° 
15 25.92317° 100.11069° 

 
 
After sampling, back at the laboratory, a small vessel experiment was prepared in ten 
125 ml glass vessels. The vessels were numbered 5-10 and 12-15 because the sites in 
Lake Erhai were numbered that way on the map that was used. Approximately a layer 
of 1.5 cm sediment from each site was put in their respective vessel and filled with 
approximately 100 ml lake water sampled from the respective site (Figure 11) and 
(Figure 12). A plastic needle connected to a thin hose was used to fill up the water 
slowly into the vessel, as to not cause turbulence in the sediment. The vessels were put 
away in a dark cabinet in normal room temperature (20°C), covered, to prevent 
daylight from forming algea. The vessels were kept there for five days in order for the 
sediment phase and the water phase to stabilize.  
 

 

 
 
Figure 11: The vessels with sediment and lake water from sites 5-9.     
 
 



	 	 	 	 	 	 	 	  
	

	 27	

 
 

Figure 12: The vessels with sediment and lake water from sites 10 and 12-15.  
 

The lake water samples from each site were tested for pH, conductivity and DO at the 
laboratory after contact with sediment for five days. The water was also tested for 
orthophosphates (Figure 13) at the laboratory and sampling was performed at 1 cm 
from the bottom surface of the vessels. The water sampled for the pre-study did not 
suffice to measure conductivity after contact with sediment for five days or to 
investigate the orthophosphate concentration in duplicates, but since the purpose of 
the pre-study merely was to locate the most P polluted site, the aim to find the site 
could still be obtained.  

 
 

4.3.1.1 Results from the pre-study 
 

Table 2: The table shows the concentration of pH, conductivity and dissolved oxygen in the water 
samples measured in field at the ten sites in Lake Erhai.  

 
Sampling  

site 
pH Conductivity 

(µs/cm) 
Dissolved 

oxygen (mg/L) 
5 8.57 350 8.15 
6 8.92 341 7.67 
7 8.73 328 7.08 
8 8.76 335 7.07 
9 8.74 331 7.10 

10 8.74 328 7.11 
12 8.01 363 4.64 
13 8.80 331 6.96 
14 8.95 335 6.66 
15 8.68 355 7.20 
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Table 3: The table shows the orthophosphate concentration in the water at the different sites at the 
beginning of the pre-study experiment.  

 
Sampling 

site 
Concentration 

(µg/L) 
5 23.299 
6 20.206 
7 24.33 
8 22.268 
9 14.021 

10 27.423 
12 50.103 
13 36.701 
14 23.299 
15 36.701 

 
 

Table 4: The table shows the orthophosphate concentration in the water after contact with sediment for 
five days.  
 
   Sampling 

  site 
    Concentration      

(µg/L) 
5 20.206 
6 14.021 
7 36.701 
8 5.773 
9 18.144 

10 18.144 
12 121.237 
13 14.021 
14 34.639 
15 14.021 

 

Table 5: The table shows the pH and dissolved oxygen after contact with sediment for five days. 

 

 

 

 

 

 

 
 

 

Sampling  
site 

pH Dissolved              
oxygen (mg/L) 

5 7.85 5.61 
6 7.91 5.87 
7 7.31 4.67 
8 8.09 5.01 
9 8.01 4.76 

10 7.82 5.04 
12 7.68 3.30 
13 7.98 4.97 
14 7.37 4.35 
15 8.16 5.53 
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Figure 13: The blue colour in number 12 is an indication of orthophosphates. 
 

The results in tables 2-5 show that site 12 was the most P polluted site of all ten with 
an initial orthophosphate concentration of 50.103 µg/L in the overlaying water and 
121.237 µg/L after contact with the sediment for five days. It is very likely that P 
released from the sediment contributed to the significantly higher orthophosphate 
levels. A decrease in both pH and DO can be seen in all samples after contact with the 
lake sediment. Site 12 also had the lowest DO concentration and pH concentration of 
all ten sites, as well as the highest conductivity concentration. Site 12 was therefore 
chosen for the main study experiment.  

4.3.2 The main study  
On April 28 2016, 50 L lake sediment was collected in a large blue polypropylene 
container at site 12, (25.90849°, 100.11791°). The lake water (150 L) was collected in 
six white 25 L polypropylene cans. The water sampler (Figure 10) was not used this 
particular time because it can only sample 2.5 L at a time. Therefore, the water had to 
be sampled directly from the surface layer water, which may have had an effect on the 
results. And because the boat was too small to carry the weight of 50 L sediment and 
six 25 L water cans, the sediment was collected closer to the shore and at a more 
shallow depth (Table 7) than during the pre-study. This may also have impacted the 
results in that the P pollution levels were lower closer to the surface. The 
orthophosphate concentration in the overlaying water was comparatively lower (Table 
6) at the beginning of this experiment. The lake sediment from site 12 and the water 
with lower orthophosphate concentration was used in container attempts in the main 
study (Figure 14). 

 
Table 6: The table shows the concentration of orthophosphates in the overlaying water and equals the 
concentration at the beginning of the main study experiment. 

 
 
 
 

 
 

Sampling 
site 

Concentration 
(µg/L) 

12 10.928 
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Table 7: The table shows the parameters of the sampling at site 12.  

 
 

 
 
Figure 14: The four containers used in the main study.  
 

The blue plastic containers had a height of 48 cm, a bottom diameter of 32 cm and a 
diameter of 43 cm at the top. Each container was filled with a layer of 10 cm sediment. 
The diameter at the sediment surface, where the sorbents were placed, was 36 cm. 
The selected reactive sorbents were placed on the sediment surface (0.1 m2) in their 
respective container. The amounts of each sorbent used were 93 g (AOD slag 0-0.5 
mm), 554 g (AOD slag 2-8 mm) and 495 g (EAF slag 1-2.36 mm). The amount of each 
slag used in the experiment was not calculated beforehand. Those were the amounts 
necessary to cover their respective sediment surface. Subsequently, 30 cm of lake 
water from site 12 was pipetted very slowly into each container as to not stir the 
sediment.  

The samples were examined in duplicates after being stored in a dark room at room 
temperature (20°C) for seven days. Seven days were considered a reasonable time for 
the water phase and sediment phase to stabilize. Water samples from each container 
were sampled at 1 cm above the bottom surface and at 10 cm above the bottom surface 
respectively, to investigate any absorption differences relative to distance.  

      
Sampling    

site 

       
Temperature 

(◦C) 

    
Depth 

(m) 

 
pH 

 
Conductivity 

(µs/cm) 

 
Dissolved 

oxygen (mg/L) 
12 16.56 2.70 8.49 354 6.64 
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Figure 15: Sediment only. Used as reference.   Figure 16: EAF slag 1-2.36 mm on the surface. 

 

Figure 17: AOD slag 0-0.5 mm on the surface.    Figure 18: AOD slag 2-8 mm on the surface. 
 

4.3.2.1 Results from the main study 
	

Table 8: The table shows pH, conductivity, dissolved oxygen and orthophosphate concentration of the 
lake water after seven days, at 1 cm and 10 cm above the bottom surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sorbents pH  Conductivity 
(µs/cm) 

Dissolved 
oxygen (mg/L) 

  Concentration 
(µg/L)  

AOD  
(0-0.5 mm) 

    

10 cm 9.65 219 3.87 0.619 
1 cm  9.65 221 3.71 1.649 
AOD  

(2-8 mm) 
    

10 cm 8.25 337 1.92 52.165 
1 cm  8.31 345 1.75 25.392 
EAF  

(1-2.36 mm) 
    

10 cm 9.62 251 2.78 55.258 
1 cm  9.62 249 2.67 104.742 

Reference     
10 cm 7.86 359 4.03 17.113 
1 cm 7.65 372 2.26 34.639 
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The AOD (0-0.5 mm) slag showed an orthophosphate absorption of 95.24% at 1 cm 
and an absorption of 96.38% at 10 cm above the bottom surface (Table 9) when 
compared to the orthophosphate concentration of the reference without sorbent. 
However, the results from the main study showed an unexpectedly high release of 
orthophosphates after seven days in the containers with AOD (2-8 mm) and EAF (1-
2.36 mm) slag in comparison to the reference without sorbent (Table 8). The most 
significant release was from the EAF (1-2.36 mm) slag. This had to be investigated 
further so a post-study was conducted to investigate if the P was released from the 
slag materials or if it was likely only released from the lake sediment. 
 
Table 9: The table shows absorped orthophosphates in % as well as increase of orthophosphate 
concentration in % in the lake water relative to the reference in Table 8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

4.3.3 The post-study 

Experiment with filtered water 
In an attempt to explain why the orthophosphate concentrations in the AOD (2-8 
mm) and EAF (1-2.36 mm) containers were higher than the reference (Table 8), an 
experiment with deionized water was conducted. 0.91 mg (AOD slag 0-0.5 mm), 5.44 
g (AOD slag 2-8 mm) and 4.86 g (EAF slag 1-2.36 mm) were measured, each grinded 
to a fine powder and placed in their respective 150 ml glass vessel and filled with 
deionized water up to 150 ml. The amounts measured this time were calculated 
beforehand according to equations [7] and [8]. But to be able to detect the amounts 
with the spectrophotometer, the ratio relative to water volume was 2:1. So the actual 
concentration ratio in relation to the main experiment was 100% more in terms of 
weight of each sorbent. Subsequently, the solutions were each stirred at 25°C for 40 
minutes and then filtered with an ISO9001 filter paper (15 cm) to remove particles.  

The study showed no correlation to the main study, because the P releases into the 
water were all very small and almost non-existent (Table 10). Another experiment, 
with unfiltered water was therefore conducted.  

Sorbents Absorption (%) Increase (%) 

AOD  
(0-0.5 mm) 

  

10 cm 96.38 - 
1 cm  95.24 - 
AOD  

(2-8 mm) 
  

10 cm - 204.8 
1 cm  26.69 - 
EAF  

(1-2.36 
mm) 

  

10 cm - 222.9 
1 cm  - 202.4 
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Experiment with unfiltered water 
One final experiment was conducted to see whether or not the slag materials could in 
fact contribute to the measured orthophosphate concentrations. This time the same 
150 ml vessels were used. Equations [7] and [8] were used again, but this time the 
amounts of each slag were equivalent to the amounts used in the container 
experiment in the main study. The ratio was 1:1. Therefore, 0.41 mg (AOD slag 0-0.5 
mm), 2.72 g (AOD slag 2-8 mm) and 2.43 g (EAF slag 1-2.36 mm) were measured and 
put in their respective vessel, without grinding the materials and with the same 
particle size fractions used in the main study. The vessels were put in a dark cabinet, 
in room temperature for 22 hours. Deionized water was used this time as well and no 
stirring or filtering was attempted, as to mimic the main study as much as possible. 
 

4.3.3.1 Results from the post-study 
	

Table 10: The table shows the orthophosphate concentrations in the filtered water.  

 

 

 

 
 

Noticeable in the experiment with the filtered water is that the orthophosphate 
concentration for the AOD (0-0.5 mm) slag is negative which indicates that the 
sample with this sorbent performs better than the reference. A result that is consistent 
with the result from the main study. It therefore shows that absorption has occurred. 
AOD (2-8 mm) slag and EAF (1-2.36 mm) slag both show a release of 
orthophosphates, although very small. The higher orthophosphate concentration in 
the container experiments when AOD (2-8 mm) and EAF (1-2.36 mm) were used is 
likely caused by release of P from the lake sediment and slag. 
 

Table 11: The table shows the orthophosphate concentrations in the unfiltered water. 

 

 

 

 
 

The study with unfiltered water showed a significant increase in orthophosphate 
release from the EAF (1-2.36 mm) slag, which is consistent with the results from the 
main study (Table 8). This indicates that not only the lake sediment can release P, the 
slag itself can too if it contains P. 

Sorbent Concentration    
(µg/L) 

AOD (0-0.5 mm) -5.57 
AOD (2-8 mm) 8.866 

EAF (1-2.36 mm) 7.835 
Reference 0.619 

Sorbent Concentration 
(µg/L) 

AOD (0-0.5 mm) -9.969 
AOD (2-8 mm) -8.66 

EAF (1-2.36 mm) 45.979 
Reference -3.51 
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The post-study experiment shows that EAF (1-2.36 mm) releases a lot more 
orthophosphates than the other sorbents. The main study (Table 9) showed an 
increase by 202.4% of orthophoshates at 1 cm and an increase by 222.9% at 10 cm 
after seven days (Equations [5] and 6 ). This corresponds to an increase of 70.373 
µg/L compared to the reference, after seven days. The post-study experiment shows 
an increase of 42.469 µg/L after only 22 hours. However, there is no noticeable 
orthophosphate release from the AOD (2-8 mm) and the AOD (0-0.5 mm) slag. Both 
show and even less orthophosphate concentration than the reference (Table 11).  

4.3.4 XRD analysis 
The slag materials contained many different species and it was therefore difficult to 
differentiate them. The three or four most prominent compounds in each slag 
material and the lake sediment were therefore pointed out in the XRD pictures 
(Appendix, 8.3 XRD results). The results show that different Si and Ca compounds 
were the most prominent species in all slag materials, which was expected due to the 
configuration of these materials.    
 

4.3.5 ICP analysis and the concentrations of P 
	

Table 12: The table shows the concentrations of P in mg/L in the unused (before absorption) and used 
(after absorption) sorbents. The lake sediment sample was only measured unused. 

Sorbent P (mg/L) 
AOD (0-0.5 mm) 

unused 
0.258 

AOD (0-0.5 mm) 
used 

0.245 

AOD (2-8 mm) 
unused 

0.247 

AOD (2-8 mm) used 0.138 
EAF (1-2.36 mm) 

unused 
2.065 

EAF (1-2.36 mm) 
used 

2.286 

Lake sediment 0.742 
 

 
The ICP analysis showed that the EAF (1-2.36 mm) slag contained most P, which is 
consistent with the fact that the highest concentration of orthophosphates was found 
in the lake water that had been in contact with the EAF (1-2.36 mm) slag. Also evident 
is that the used EAF (1-2.36 mm) slag, i.e. after absorption, contained a higher 
content of P than the unused EAF (1-2.36 mm) slag, which points to that absorption 
has occurred. However, this result may also be due to the configuration of the slag 
material in that some parts of the material may already contain a higher content of P, 
despite of absorption. In addition, a solid sample of 0.1 g is not a large sample size 
and that may also contribute to this result.  

4.3.5.1 Concentrations of other elements 
See Appendix (Table 26 and Table 27) for the results of the concentrations (mg/L) of a 
few selected elements. These elements are however not investigated further (such as 
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calculating their respective wt%), because P is the main element of this study. 
Noticeable is that the Ca contents are high (Table 27), which is a prerequisite for the 
precipitation of P.  

	
4.3.5.2 Weight of P in wt% 

 

Table 13: The table shows the weight of P in wt% in the unused (before absorption) and used (after 
absorption) sorbents. The lake sediment sample was only measured unused.  

Sorbent P (wt%) 
AOD (0-0.5 mm) 

unused 
0.03 

AOD (0-0.5 mm) used 0.02 
AOD (2-8 mm) 

unused 
0.03 

AOD (2-8 mm) used 0.01 
EAF (1-2.36 mm) 

unused 
20.7 

EAF (1-2.36 mm) used 22.9 
Lake sediment 7.43 

 
 

Equations [9] and [10] were used to calculate the weight of P in %. The lake sediment 
sample contained more P than the AOD (0-0.5 mm) and AOD (2-8 mm) slag 
materials, however the EAF (1-2.36 mm) slag contained most P (Table 13).  
 

4.3.5.3 P absorbed in wt% 
 

Table 14: The table shows the difference of P (wt%) between the used (after absorption) and unused 
(before absorption) sorbents and indicates if absorption has occurred.  

Sorbent P absorbed (wt%) 
AOD (0-0.5 mm) -0.01 

AOD (2-8 mm) -0.02 
EAF (1-2.36 mm) 2.20 

 
 

The results from the ICP analysis showed a very low absorption of P for EAF (1-2.36 
mm) slag (Table 14) and a negative absorption for AOD (0-0.5 mm) and AOD (2-8 
mm). This may be because the P pollution levels of Lake Erhai are fairly low and it can 
be difficult to measure such low concentrations. The measurement technique and 
variation of the slag compositions may also have contributed to these results.  
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5. Discussion  

5.1 P removal techniques 

Phoslock had the most obvious effect on phosphate ion removal at salinity close to 
that of fresh water. Lake Erhai is a freshwater lake so Phoslock might be a good option 
for P removal in Lake Erhai. High temperature is advantageous for phosphate 
adsorption on bentonites, since an increase in adsorption capacity with increase in 
temperature can be seen. Al and Fe addition would not be recommended however, 
because the pH in Lake Erhai is 8 or above (Table 2) and high pH may lead to reduced 
efficiency of the Al, since bound P might be substituted by hydroxyl ions. Also, Lake 
Erhai is exposed to winds, which increases the risk of resuspension of P.  

In the study by Renman et al., (2013), Polonite (0-0.5 mm) showed best capacity to 
bind P of all filter reactive materials they tested, which is due to the higher porosity of 
fine grinded material. Sediment capping using clean fertile sediment and V. natans 
showed good results in Lake Erhai and seems to be a beneficial and environmental 
technique to apply in China and because Lake Erhai is a shallow lake, macrophytes 
can assimilate the necessary sunlight to clean the water. Sediment dredging might 
also work and is a common method to remove contaminated sediment in China, but it 
destroys the ecosystem since large parts of the sediment is removed with this 
technique. It is also a method that is very expensive. The AOD (0-0.5 mm) slag would 
likely be a good option for capping material to apply in Lake Erhai, since it absorbs 
96% of the orthophosphates. The EAF (1-2.36 mm) slag would however not be a good 
option in Lake Erhai, since P was released from the material.   
 

5.2 The pre-study  

The pre-study gave a good indication of where in Lake Erhai P pollution is most 
prominent. Site 12 turned out to have the highest orthophosphate concentration of all 
ten sites. The concentration of orthophosphates were higher in the pre-study than in 
the main study, likely because the water was sampled at a greater depth during the 
pre-study and because the water was sampled closer to the lake sediment, where P is 
more abundant.  
 

5.3 The main study 

The second time lake water and lake sediment were collected at site 12, the sampling 
was performed closer to shore and at a more shallow depth (2.70 m). This could 
explain why the concentration of orthophosphates in the overlaying water was 10.928 
µg/L at the beginning of the main study (Table 6), compared to 50.103 µg/L at the 
beginning of the pre-study (Table 3). The DO and pH were both higher compared to 
the pre-study, which likely also is an indication of less P pollution. 

The pH in the lake water at site 12 was 8.49 and increased to 9.65 for AOD (0-0.5 
mm) and increased to 9.62 for EAF (1-2.36 mm) after seven days of contact with lake 
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sediment. At water-adsorbent interfaces, pH is regarded as one of the most important 
parameters that rule the adsorption process (Zamparas et al., 2015) and this increase 
of pH is likely an indication of precipitation of P. A pH between 10.6 and 11.4 for EAF 
slag is in the range of values that support formation of hydroxyapatite (HAP) (Zuo et 
al., 2015). The pH for the EAF (1-2.36 mm) slag in this study may not have been high 
enough to precipitate P.  

The increase in pH in the containers with EAF (1-2.36 mm) and AOD (2-8 mm) slag 
may also have been dose dependent. Doses of sorbents applied were approximately 5 
kg/m2 (4.95 kg/m2 and 5.25 kg/m2 respectively) and Renman et al., (2013) 
recommend 1 kg/m2 to halve the leakage. However, in order for the sorbents to work, 
the sediment surface needed to be covered and because of the particle size fractions of 
these two sorbents, a larger amount was needed to cover the surface. The material fell 
down into the sediment when applied to the bottom layer of the containers and this 
increased the dose, because more sorbent needed to be applied to put a cap barrier on 
the entire surface. AOD (0-0.5 mm) slag was significantly easier to apply to the 
surface and less amount was needed, almost 1 kg/m2 (0.93 kg/m2), which is within 
the recommended dose. The AOD (0-0.5 mm) slag was easier to apply because the 
material was fine grinded, resulting thereby in a larger surface area and reactivity in 
the thin layer coating (Renman et al., 2013). 

Another result showed that the orthophosphate concentration of the EAF (1-2.36 mm) 
slag (Table 8) was significantly higher (104.742 µg/L) than expected after seven days 
of contact with lake sediment. Both the EAF (1-2.36 mm) and AOD (2-8 mm) slag had 
higher orthophosphate concentrations than the reference with no sorbent. These were 
not expected results and needed further investigation. EAF slag has shown good 
results previously in P solutions (Drizo et al., 2006), so using EAF as sediment 
capping material for P remediation was expected to be successful in this study as well. 
Something it turned out not to be. 
 

5.4 The post-study experiments 

The filtration of the samples also seem to have filtered away the orthophosphates in 
the water, because all of the slag materials showed a very low concentration of 
orthophosphates in the water after having been filtered. What is noticeable from the 
post-study is that the concentration of EAF (1-2.36 mm) slag was comparatively a lot 
higher than in the samples in the unfiltered experiment. This indicates that the EAF 
(1-2.36 mm) slag contained a lot more P, which was also confirmed by the ICP 
analysis.  
 

5.5 ICP and XRD analyses 

XRD shows compounds in the materials and the ICP determines elements. The 
content of P was highest in the EAF (1-2.36 mm) slag, which is consistent with the 
result that the EAF slag released most orthophosphates into the water. The reason 
why the slag materials did not contain more P after absorption, could be due to that 
some of the P was released back into the water, which was evident in the post-study. 
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The content of P in the lake sediment turned out to be the highest (7.4 wt%) which 
was expected due to P loading in the lake sediment. The difference in P content in the 
slag materials and lake sediment, before and after absorption, were almost zero, even 
negative. This may be because the AOD slag did not contain a high content of P. Each 
solid sample was merely 0.1 g and therefore the configuration of the samples likely 
varied due to the small sample size. However, the AOD (0.0.5 mm) slag can absorb 
orthophosphates, which is another form of P.  
 
The XRD analysis showed that different Ca and Si compounds were most prominent 
in all of the materials (Appendix, 8.3 XRD results). There were many different 
compounds present and for this reason it was not easy to differentiate them. Had the 
concentrations of the different elements in the ICP analysis (Table 26 and Table 27) 
been higher and more evident and had the compounds determined by the XRD 
analysis been fewer, then XRD together with ICP would likely more clearly have been 
able to identify the structural compositions.  
 

5.6 Analytical methods 

All the analyses were performed in room temperature, which may have had an effect 
on the results. The lake sediment and slag materials were kept in a refrigerator in Dali 
for three weeks before they could be transported and ICP and XRD analyzed in 
Shanghai. Thus, temperature differences and the transportation of samples may have 
affected the results. The ICP and XRD instruments may have had an effect on the 
results as well and such effects could have been sensitivity errors and ionization 
interference.  
 

5.7 P removal effectiveness 

In laboratory studies many factors can affect P release from sediment, e.g. a high pH 
value and temperature, as well as resuspension and low redox potential at the 
sediment-water interface (Zhu et al., 2016). Due to the windy location of Lake Erhai 
and due to that the experimental site was located in shallow water (Zhu et al., 2016) it 
is very likely that resuspension of P from the sediment was partly the cause of some of 
the orthophosphate increase in the water. The pre-study is a good example, because 
no sorbents were used during that experiment and the orthophosphate concentration 
had increased from 50.103 µg/L (Table 3) to 121.237 µg/L (Table 4) for site 12 after 
five days of contact with the lake sediment.       
 
It is particularly challenging in the laboratory to assess the long-term P-binding 
ability of different materials and how the reactive materials should be placed at large 
water depths, but laboratory tests can be made in mind for a future technical solution. 
For environmentally safe applications, the interaction between slag material and 
water is key. In order to classify a slag as a safe raw material, chemical and structural 
stability of the material is a fundamental requirement. A correct balance of the basic 
oxide species could reduce a slag’s environmental impact and reduce the overall 
element leaching (Mombelli et al., 2016).     
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6. Conclusions 
	

A study has been performed in Lake Erhai during April 2016, in Dali, China, with the 
main aim to investigate if the reactive sorbents AOD slag and EAF slag can absorb 
orthophosphates in an attempt to be used as P removal materials. ICP and XRD 
analyses were performed to measure P and other elements and compounds in the slag 
materials and lake sediment. Literature studies have been performed to compare 
sediment capping to other P removal techniques. The following conclusions have been 
drawn:  
 
• The pre-study showed that site 12 was the most P polluted site, with an 
orthophosphate concentration of 50.103 µg/L in the overlying water and an 
orthophosphate concentration of 121.237 µg/L after contact with lake sediment for 
five days. 
• In the main study, the AOD (0-0.5 mm) slag showed best results of all sorbents. It 
removed 96.38% of the orthophosphates at 10 cm and 95.24% at 1 cm above the 
bottom surface of the container.  
• The AOD (2-8 mm) slag was much less effective. At 10 cm, the orthophosphate 
concentration had increased by 204.8%, which indicates that either the lake sediment 
or the sorbent or both, had released P. At 1 cm, the concentration had declined and 
26.69% had been absorped.  
• The EAF (1-2.36 mm) slag turned out to be least effective. At 10 cm, the 
orthophopshate concentration had increased by 222.9% whereas it increased by 
202.4% at 1 cm. The conclusion that can be drawn from this is that EAF (1-2.36 mm) 
slag is not a good capping material for absorbing orthophosphates in Lake Erhai.  
• The post-study showed that the EAF (1-2.36 mm) slag released 45.979 µg/L 
orthophosphates in 22 hours. AOD slag (2-8 mm) showed an almost insignificant 
release and AOD slag (0-0.5 mm) showed less orthophosphate concentration than 
both the blank and the reference after 22 h, which further reinforces its ability to 
absorb orthophosphates. 
• The experiments in this study showed that surface coverage with a reactive fine 
barrier is a better method than spreading granular sorbent, which is consistent with 
results obtained by Renman et al., (2013).  
• The ICP analysis showed an absorption of 2.2 (wt%) for EAF (1-2.36 mm) slag and 
a negative P absorption for AOD (0-0.5 mm) and AOD (2-8 mm). There was no 
evident difference in terms of P absorption for the unused slag materials (before 
absorption) and for the used slag materials (after absorption). P in the lake sediment 
constituted 7.43 wt%, which was expected due to P loading in the lake sediment.  
• The EAF slag after absorption showed the highest concentration of P (2.286 mg/L) 
of all samples and this slag even had a fairly high P concentration before absorbtion 
(2.065 mg/L). The concentration of P in the lake sediment was 0.742 mg/L.  
• XRD showed a large variety of different compounds in the slag materials and lake 
sediment. Different Si and Ca compounds were most prominent. 
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• The main conclusion from this study is that AOD (0-0.5 mm) slag can be used 
successfully in P remediation projects. This is consistent with previous conclusions 
from (Zuo et al., 2015) and (Renman et al., 2013).   
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8. Appendix 
 

 
Figure 19: Graph that shows the standard curve for the orthophoshate calculation (Liu, 2016).  

 

8.1 Tables 

Table 15: Standard curve for the orthophosphate calculation.  
 

Standard curve  
Mass/weight 

(m/µg) 
Abs 

0 0.0000 
1 0.0120 
2 0.0230 
6 0.0610 
10 0.0990 
20 0.1950 
30 0.2920 

 
  

y	=	0,0097	x	+	0,0022		
R²	=	0,9999		
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Table 16: Lake sediment description table that describes the ten different sediment samples. From the 
pre-study.  
 

Sampling site Texture Colour Surface 
 

5 
Fine coarsed, 

smooth 
consistency 

 
Brown 

Surface layer 
easily stirred. 
Sensitive to 
movements 

 
6 

Fine coarsed, a 
smooth 

consistency, 
homogeneous 

 
Yellowbrown 

Similar to the 
sample taken 

from site 5 

 
7 

 
Homogeneous, 

gravelly and 
grainy 

Graybrown along 
the sides of the 

vessel. 
Lightbrown at the 

surface 

 
Even consistency 

at the surface 

 
8 

 
Similar to site 7 

Similar to site 7. A 
little darker, 

redbrown at the 
surface 

Smooth surface, a 
bit cracked along 
the insides of the 

vessel 
 

9 
Very firm texture, 

not sensitive to 
movements 

Black/dark green 
at the bottom of 

the vessel. 
Yellowgreen layer 

on the surface 

A tendency to 
algea formation 
on the surface 

 
10 

 
Even texture 

Gray/black at the 
bottom. Yellow on 

top 

A bit rough and 
cavernous 

 
12 

 
Uneven texture 

Dark grey/green. 
The darkest of all 

sediments 

Some sticks and 
algea formation 

visible 
 

13 
 

Firm texture 
Gray/black along 
the insides of the 

vessel 

Redbrown 
granular on the 
surface. Firm 

surface 
 

14 
Cracked sediment 
along the insides 

of the vessel 

Light yellow at the 
surface 

 
Firm surface layer 

 
15 

 
No powder, only 
covered in reeds 

Black thin 
sediment at the 

bottom 

The surface layer 
was firm. Not 

sensitive to 
movements 
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Table 17: The table shows the concentration of orthophosphates in the water samples collected from 
the ten different sites in Lake Erhai. From the pre-study.  

 
Sampling 

site 
Volume 

(ml) 
Abs1 Abs2 Mean 

Abs 
Mass/weight 

(m/µg) 
Concentration 

(µg/L) 
5 50 0.015 0.017 0.0135 1.164948 23.299 
6 50 0.013 0.016 0.012 1.010309 20.206 
7 50 0.018 0.015 0.014 1.216495 24.33 
8 50 0.013 0.018 0.013 1.113402 22.268 
9 50 0.009 0.014 0.009 0.701031 14.021 

10 50 0.018 0.018 0.0155 1.371134 27.423 
12 50 0.032 0.026 0.0265 2.505155 50.103 
13 50 0.014 0.031 0.020 1.835052 36.701 
14 50 0.014 0.018 0.0135 1.164948 23.299 
15 50 0.024 0.021 0.020 1.835052 36.701 

Blank 50 0.002 0.003 0.0025   
 

Table 18: The table shows the concentration of orthophosphates in the water samples collected from 
the ten different sites in Lake Erhai after being in contact with sediment for five days. The water sample 
was taken at 1 cm above the sediment surface. From the pre-study.  

Sampling 
site 

Volume 
(ml) 

Abs1 Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

5 50 0.015 1.010309 20.206 
6 50 0.012 0.701031 14.021 
7 50 0.023 1.835052 36.701 
8 50 0.008 0.28866 5.773 
9 50 0.014 0.907216 18.144 

10 50 0.014 0.907216 18.144 
12 50 0.064 6.061856 121.237 
13 50 0.012 0.701031 14.021 
14 50 0.022 1.731959 34.639 
15 50 0.012 0.701031 14.021 

Blank 50 0.003   
 
 

Table 19: The table shows the concentration of orthophosphates in the water sample collected from 
site 12. Equals the concentration of orthophosphates in the water at the beginning of the container 
experiment. From the main study.   

Sampling 
site 

Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

12 50 0.006 0.010 0.0075 0.546392 10.928 
Blank 50 0.003 0.000 0.001   
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Tables 20-23: The tables show the concentration of orthophosphates in the water after contact with 
respective sorbent for seven days. Water samples were taken at 10 cm and 1 cm above the bottom 
surface. From the main study.  
 
 
Table 20. 

 
 

 Table 21. 

 
  
Table 22.  

  
Table 23. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

AOD  
(0-0.5 mm) 

Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

10 cm 50 0.005 0.006 0.0025 0.030928 0.619 
1 cm  50 0.006 0.006 0.003 0.082474 1.649  

Blank 50 0.003 0.003 0.003   

AOD  
(2-8 mm) 

Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

10 cm 50 0.029 0.032 0.0275 2.608247 52.165 
1 cm  50 0.016 0.020 0.015 1.319588 26.392 

Blank 50 0.003 0.003 0.003   

EAF  
(1-2.36 mm) 

Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

10 cm 50 0.034 0.029 0.029 2.762887 55.258 
1 cm  50 0.052 0.059 0.053 5.237113 104.742 

Blank 50 0.003 0.002 0.0025   

Reference Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

10 cm 50 0.013 0.015 0.0105 0.85567 17.113 
1 cm  50 0.023 0.022 0.019 1.731959 34.639 

Blank 50 0.004 0.003    
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Table 24: The table shows the orthophosphate concentration in the water after contact with fine             
grinded sorbents in 150 ml distilled water. Filtered water. From the post-study. 

Sorbent Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

AOD  
(0-

0.5mm) 

50 0.002 0.003 -0.0005 -0.27835 -5.57 

Blank 50 0.004 0.002 0.003   
AOD  

(2-8 mm) 
50 0.010 0.011 0.0065 0.443299 8.866 

Blank 50 0.004 0.004 0.004   
EAF  

(1-2.36 
mm) 

50 0.008 0.007 0.006 0.391753 7.835 

Blank 50 0.001 0.002 0.0015   
Reference 50 0.005 0.008 0.0025 0.030928 0.619 

Blank 50 0.004 0.004 0.004   
 

Table 25: The table shows the orthophosphate concentration in the water after contact with ungrinded 
sorbents in 150 ml distilled water. Unfiltered water. From the post-study. 

 

 

	  

Sorbent Volume 
(ml) 

Abs1 Abs2 Mean 
Abs 

Mass/weight 
(m/µg) 

Concentration 
(µg/L) 

AOD  
(0-0.5 mm) 

50 0.000 0.001 -
0.0025 

-0.48454 -9.69 

AOD  
(2-8 mm) 

50 0.001 0.001 0.0005 -0.17526 -8.66 

EAF  
(1-2.36 
mm) 

50 0.030 0.025 -0.002 -0.43299 45.979 

Reference 50 0.004 0.003 0.0245 2.298969 -3.51 
Blank 50 0.004 0.002 0.003   
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8.2 ICP results 

 
Table 26: The table shows the concentrations of sodium (Na), magnesium (Mg), aluminum (Al), 
chromium (Cr) and titanium (Ti) in mg/L in the unused (before absorption) and used (after absorption) 
slag materials. The lake sediment sample was only measured unused.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 27: The table shows the concentrations of calcium (Ca), silica (Si), potassium (K), iron (Fe) and 
vanadium (V) in mg/L in the unused (before absorption) and used (after absorption) slag materials. The 
lake sediment sample was only measured unused. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
	  

Sorbent Na 
(mg/L) 

Mg 
(mg/L) 

Al 
(mg/L) 

Cr 
(mg/L) 

Ti 
(mg/L) 

AOD (0-0.5 mm) 
unused 

2.131 28.735 84.469 0.553 3.004 

AOD (0-0.5 mm) 
used 

2.366 30.315 73.629 0.356 3.161 

AOD (2-8 mm) 
unused 

1.477 31.668 81.855 0.548 3.330 

AOD (2-8 mm) used 1.810 25.643 89.370 1.799 2.054 
EAF (1-2.36 mm) 

unused 
2.468 34.973 36.846 2.230 2.432 

EAF (1-2.36 mm) 
used 

0.793 16.880 15.419 0.729 0.989 

Lake sediment 17.176 25.286 62.896 0.116 3.921 

Sorbent Ca 
(mg/L) 

Si 
(mg/L) 

K 
(mg/L) 

Fe 
(mg/L) 

V 
(mg/L) 

AOD (0-0.5 mm) 
unused 

310.45 0.164 0.127 5.348 0.279 

AOD (0-0.5 mm) 
used 

309.04 0.140 0.181 6.876 0.295 

AOD (2-8 mm) 
unused 

309.20 0.602 0.569 3.291 0.301 

AOD (2-8 mm) 
used 

292.43 0.500 0.210 2.258 0.219 

EAF (1-2.36 mm) 
unused 

212.04 13.247 0.176 261.08 0.910 

EAF (1-2.36 mm) 
used 

213.28 4.709 0.081 302.50 0.385 

Lake sediment 119.76 0.037 1.834 25.984 0.194 



	 	 	 	 	 	 	 	  
	

	 50	

8.3 XRD results 

 
Figure 20: AOD (0-0.5 mm) before absorption. 

 

 
Figure 21: AOD (0-0.5 mm) after absorption. 
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Figure 22: AOD (2-8 mm) before absorption. 

 
Figure 23: AOD (2-8 mm) after absorption. 
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Figure 24: EAF (1-2.36 mm) before absorption. 

 
Figure 25: EAF (1-2.36 mm) after absorbtion. 
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Figure 26: Lake sediment. 
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