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ABSTRACT 

Steel slag is a by-product from steel production and has potential to act as a sorbent for 

several contaminants. Contaminated water is a global problem and cheap and simple 
remediation solutions are often sought. The potentials are many to use an industrial residue 
for water purification purposes e.g. low cost. The absorption efficiency was evaluated for two 

different steel slags further divided into two grain sizes, <0.9 mm and 0.9-2 mm. Laboratory 
experiments was conducted for three anionic elements; bromine, chromate and molybdate. 

Controlled parameters were; time, sorbent amount and sorbate concentration. The sorption 
was primarily dependent on the grain size and the smaller grain size had a higher sorption of 
all three tested anionic species. Unfortunately the results are partially affected by the release 

of the tested elements from the sorbent itself. 
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1 INTRODUCTION 

Pollution of water is a worldwide increasing problem (c.f. Vang, Nam and Phuong, 2017). It 

arises from diverse sources such as industries, waste deposits and landfills as well as from 

runoff from e.g. roads. To minimize the environmental impact, treatment of effluents is often 

necessary besides process optimization to decrease the effluents volume. Depending on the 

volume and properties of the effluents, there are different treatment strategies. Common 

strategies are active filter systems using chemicals for flocculation and precipitation of 

unwanted compounds. However, such filters require both maintenance and energy for its 

function. For treatment of slightly polluted effluents, passive filters can often be used. To 

further decrease the cost of the operation, cheap and efficient filter materials e.g. by-products 

are desirable to use. One such by-product is steel slag that is often readily available 

(Outokumpu 2017). Further it can often be designed to have wanted features i.e. adsorption 

capacity, efficiency and selectivity. 

Sorption is the term for a general process when a particle is associated to solid material; the 

two types of sorption are adsorption which is adhesion of particles to a surface (Stumm and 

Morgan, 2013) (c.f. Endo, Grathwohl and Schmidt, 2008) and absorption which is the three-

dimensional association (Stumm and Morgan, 2013). Sorption mechanisms differ slightly 

with respect to the distance required between sorbent and sorbate. Covalent binding requires a 

shorter distance than e.g. electrostatic attraction (Stumm and Morgan, 2013). There are some 

functional groups that usually occurs on natural surfaces –OH, -SH and –COOH, these 

specific surface coordination sites is where the sorption takes place (equation 1). 

≡S-OH + F- ⟷ ≡SF + OH-    (eq 1) 

Depending on the bond between the ligand and the functional group, an ion can be either 

associated as an inner-sphere or an outer-sphere complex. The difference is if water molecules 

are coordinated around the ion after sorption or not. Inner-sphere complexes are mainly 

covalent and the critical distance reject any coordinated water molecules, unlike outer-sphere 

complex where the coordination bond includes the water shell around the ion (Stumm and 

Morgan, 2013). Ligand exchange is the main mechanisms for anionic sorption and is often 

favoured by low pH (Stumm and Morgan, 2013). Ionic strength and pH are two of the main 

parameters that influence the sorption. Based on the surface composition and pH will the 

charge of the surface vary from negative to positive. Each type of surface has its own unique 

pH-zero point of charge (pHZPC) defined by the electrical neutrality of the sorbent in water at 

a specific pH. If pH increases above the surface pHZPC, deprotonation will occur and the 

surface charge will be negative (cf. Saleh, 2015). Adsorption can be described by using 

isotherms which differ in how to describe the surface coverage of adsorbed species (cf. Zhu et 

al., 2016). Of the available isotherms can the Freundlich isotherm (eq 2) be used when the 

sorbent has heterogeneous surfaces with binding sites having different affinity for the sorbate 

(Zhu et al., 2016). 

qe = kFCe
1/n       (eq 2) 
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On the other hand can the Langmuir isotherm (eq 3) be used when it can be assumed that the 

surface is homogenous with binding sites having equal binding affinity (Zhu et al., 2016). 

qe = bqmCe / (1 + bCe)      (eq 3) 

 

In our daily life there are elements which have the ability to enhance certain properties, one 

such element is bromine (Br) that decreases the flammability of many polymers. Brominated 

flame retardants occur in many products made of textile, plastic and wood (Alaee, 2003). The 

global market of bromine was valued at $1740.4 M in 2016 and is estimated to keep 

increasing for at least 7 years (Global bromine market estimated to reach $2.7 bn by 2025, 

2017). The flame proofing property of bromine is reached at low level of bromination, 

resulting in bromine being the most common element used as a flame retardant (Beccagutti et 

al., 2016). It has been found that the high degradation resistance Tetrabromobisphenol-A can 

be debrominated by bacteria occurring at electronic waste recycling sites which results in 

release of bromide ions (An et al., 2011). Bromine is toxic in many of its different forms 

(Rattley, 2012). Exposure to bromide ions through drinking water has been evaluated on 

broiler chickens with effects such as damage on liver, kidney and thyroid as a result (du Toit 

and Casey, 2012). Current bromide remediation techniques utilize different types of sorbents, 

usually silver-doped carbon aerogels (Gong et al., 2013). These sorbents have the 

disadvantage of being expensive and the potential toxicity of released silver.  

Environmental emissions of chromium (Cr) arise from its application in various items and 

processes, e.g. in paint, for leather tanning, in stainless steel and chromium plating (cf. 

Ploszajski and Davidson, 2015). It’s most common valence states are trivalent (Cr3+) and 

hexavalent (Cr6+) with trivalent chromium being an essential element for e.g. humans while 

hexavalent chromium is acute toxic to most living organisms. Hexavalent chromium has 

physiological effects such as mutagenicity and severe organ damage (cf. Ploszajski and 

Davidson, 2015). Discharge of pollutants from landfills containing chromium waste can 

therefore have a severe environmental impact (Salem et al., 2008). Purification of such waters 

can be performed using techniques such as chemical precipitation, ion exchange, electrolytic 

methods or adsorption (Zhu et al., 2016).  

Another common industrial element used in many alloys and in production of stainless steel is 

molybdenum (Mo) where its addition increases durability, weldability and corrosion 

resistance. About 75% of the annual production of molybdenum is used by the iron and steel 

industries (Outokumpu, 2013). The normal occurring valence state is hexavalent (Mo6+) and 

the dominating species in aqueous solution is the molybdate oxyanion MoO4
2-. Such ions 

have been found difficult to remove from waste water by using common water purification 

techniques (cf. Verbinnen et al., 2013). But different types of sorbents such as zeolite-

supported magnetite have been showed to be efficient in removal of many oxyanions from 

waste water (Verbinnen et al., 2013). 

Using sorbents to remove unwanted species from water is thus a common approach for 

purification (cf. Verbinnen et al., 2013). The grain size affects the surface to mass ratio that 
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comes in contact with the solution, where smaller particles have a larger surface area and 

consequently more available binding sites (Mayo et al., 2007). The possibility to use an 

industrial waste product as a sorbent would not only be cost efficient but also environmentally 

friendly (Zhu et al., 2016). Steel slag mainly consists of oxides/hydroxides and increases the 

pH of the effluent, which facilitate precipitation of several dissolved elements, such as Cr3+, 

as hydroxides.  

Anions and some oxyanions in aqueous solution can be analysed using many different 

techniques, e.g. ion chromatography (IC), capillary electrophoresis (CE) and ion selective 

electrodes (ISE) depending on matrix and concentration intervals (Skoog et al., 2013). The 

detection of specific anions by CE and IC is based on the principles of separation (Skoog et 

al., 2013), while ISE measures the activity of a specific ion as an electric potential. Some 

advantages of using ISE are the simple sample preparation, few interferences and its high 

selectivity. However, ion activity is influenced by the sample matrix and to minimize the risk 

for errors Total Ionic Strength Adjustment Buffer (TISAB) is used to fix pH and ionic 

strength (Skoog et al., 2013).  

For elements not suitable for IC, CE or ISE analysis, such as chromate and molybdate, 

inductively coupled plasma-mass spectrometry (ICP-MS) is a useful analytical technique to 

measure the total content of the elements. Here, identification of species requires some kind 

of separation before reaching the ICP-MS, which only detects masses. Together with a system 

for interference removal such as the Agilent ORS (Octopole Reaction System) reliable data 

can easily be obtained (Wilbur, 2007). Internal standards are often used to compensate for 

signal suppression during analysis. 

1.1 Aims 

This project will evaluate the adsorption efficiency of bromine, chromate and molybdate to 

two different steel slags with known sorptive effects for cations as well as fluoride. Three 

aims can therefore be formed:  

- Evaluate the sorption of bromide, chromate and molybdate to steel slag 

- Calculate the sorption capacity using Freundlich and Langmuir isotherms 

- Evaluate which grain size is most suitable for adsorption of evaluated species 

 

2 MATERIALS AND METHOD 

2.1 Experimental design 

Three factors that could have an effect the adsorption capacity was studied, (1) equilibrium 

time, (2) sorbent concentration and (3) sorbate concentration (tables 1, 2 and 3). After 

different batch experiment the optimal settings were chosen to test the maximal sorption. A 

critical parameter for adsorption is pH, no pH-adjustment was performed in order to evaluate 

the performance of the slag during expected condition as a filter. 
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2.2 Reagents 

All chemicals in the study were of reagent grade or higher. Bromide solutions (7.78, 3.9, 0.78, 

0.38 and 0.077 g/L) were prepared separately by dissolving sodium bromide, NaBr (Alfa, 

CAS number 7647-15-6) in deionized water (resistivity 18.2 MΩ cm; DI). Stock solution of 

Cr6+ (2.78 mg/L) were prepared from anhydrous sodium chromate, Na2CrO4 (MERCK, CAS 

number 7775-11-3) in DI. Stock solution of Mo6+ (5.25 mg/L) were prepared from sodium 

molybdate dihydrate, Na2MoO4x2H2O (Scharlau, CAS number 10102-40-6) in DI. TISAB 

buffers with 1 mol/L potassium nitrate, KNO3 (MERCK, CAS number 7757-79-1) dissolved 

in DI and 2 mol/L of sodium nitrate, NaNO3 (MERCK, 7631-99-4 dissolved in DI. Stock 

solution of 1 mol/L sodium perchlorate monohydrate, NaClO4xH2O (MERCK, CAS number 

7791-07-3) for ionic strength adjustment tests were dissolved in DI. 

2.3 Sorbents 

2.3.1 Sorbent characteristics 

Two different steel slags, aluminium and silicon reduced argon-oxygen decarburization slag, 

Al-AOD and Si-AOD, were used in two different grain sizes (< 0.9 mm and 0.9-2.0 mm). 

Previous water leaching experiments conducted of the 0.9-2.0 mm fractions showed that both 

slags released approximately 400 µg/g Al and 1 µg/g Mo. The Al-AOD also released 1 µg/g 

Cr, 1000 µg/g Ca while Si-AOD released 2000 µg/g Ca and 2 µg/g Fe (Sjöberg, personal 

communication). The steel slag was provided by Outokumpu in Avesta. 

2.3.2 Leaching test 

The release of elements, including the sorbates, from the sorbents was tested by leaching with 

DI. For bromide 10 g/L of sorbent was equilibrated with 10 ml DI for 240 min. For chromate 

and molybdate 100 g/L and 50 g/L of slag, respectively, was equilibrated with 10 ml DI for 

480 and 240 min, respectively. The parameters for metal mobilization are the same as for the 

sorption tests (section 2.6). 

2.4 Batch experiments 

For each sorption experiment the sorbent mass was measured with 0.1 mg accuracy (scale: 

Sartorius BP2215) in 15 ml test tubes (Sarstedt; polypropylene). Sorbate concentration, 

volume and contact time for each set are showed in table 1, 2 and 3. After sorption was each 

solution filtered using a 10 ml syringe (Braun) with a 0.2 µm polypropylene membrane filter 

(VWR international). 
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Table 1 | Experimental set up for evaluation of equilibrium time, n=2.  

Time 

Volume (ml) Mass (g) Time (min) Initial concentration 

Br (g/L)  Cr (mg/L) Mo (mg/L) 

10 0.1 60 0.93 0.29 0.54 

10 0.1 120 0.93 0.29 0.54 

10 0.1 240 0.93 0.29 0.54 

10 0.1 480 0.93 0.29 0.54 

10 0.1 1440 0.93 0.29 0.54 

10 0.1 14400 0.93  0.29 0.54 
 

Table 2 | Experimental set up for influence of sorbent mass on adsorption, n=2.  

Sorbent mass 

Volume (ml) Mass (g) Time (min) Initial concentration 

Br (g/L) Cr (mg/L) Mo (mg/L) 

10 0.01 240 0.93 0.29 0.54 

10 0.05 240 0.93 0.29 0.54 

  10 a 0.1 240 0.93 0.29 0.54 

10 0.5 240 0.93 0.29 0.54 

10 1 240 0.93 0.29 0.54 
a Data from table 1 used during evaluation. 

 

Table 3 | Experimental set up for influence of initial sorbate concentration on adsorption, n=2.  

Sorbate concentration 

Volume (ml) Mass (g) Time (min) Initial concentration 

Br (g/L) Cr (mg/L) Mo (mg/L) 

10 0.1 240 0.11 0.07 0.07 

10 0.1 240 0.25 0.14 0.28 

  10 a 0.1 240 0.93 0.29 0.54 

10 0.1 240 4.76 1.43 2.63 

10 0.1 240 9.11 2.78 5.25 
a Data from table 1 used during evaluation. 

2.5 Analytical methods 

To determine the fraction of free bromide in solution an ion selective electrode (Metrohm Br-) 

was used with an Ag/AgCl reference electrode coupled to a Metrohm 744 potentiometer. Two 

types of TISAB were recommended from the manufacturer of the ISE, KNO3 or NaNO3. 

Comparison of the background signal from both suggested that NaNO3 was the best choice 

due to less variation (218.6 mV, SD 2.58) compared to KNO3 (205 mV, SD 12.93). 

Measurements were conducted in a mixture of 20 ml TISAB + 20 ml DI + 200 µl 

sample/standard. External calibration was performed using five calibration standards (CS) 

ranging from 0.1 g/L to 5 g/L sodium bromide in DI. Samples above the highest CS were 

diluted by adding less sample volume (50 µl) and samples below the lowest CS were 

concentrated by adding more sample volume (400 µl). Duplicate measurements were 

performed for each sample. To detect any electrode drift, the background signal (TISAB + 

DI) was measured approximately every 13 samples. 
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Total dissolved chromium and molybdenum were measured using ICP-MS (Agilent 7500cx). 

Chromium was measured using He-collision mode as well as normal mode to evaluate the 

impact from interfering ClO. To measure pH in the limited available volume, an Ag/AgCl 

electrode (Radiometer analytical Ag/AgCl) design for small volumes was used. 

2.6 Sorption test 

The sorption capacity was tested after evaluation of the results from the experiments 

described in table 1, 2 and 3. The tested conditions can be found in table 4. The same 

parameters were also used with three orders of magnitude higher sorbate concentration to see 

the difference in effects at low and high concentrations.  

Table 4 | Optimum conditions based on tested conditions (table 1, 2 and 3).  

3 RESULTS AND DISCUSSION 

3.1 Sorbent characterization 

The water leachable fraction of molybdenum was similar between both types of slag and 

typical in the range of 20-200 μg/L independent of size fractions. The Al-AOD generated 

leachates with slightly higher chromium content, in general 20-300 µg/L. This release of 

molybdenum and chromium equals to 0.2-3 ppm and 0.4-4 ppm respectively of the total 

content. The release of chromium and molybdenum was dependent of the sorbent 

concentration and contact time (table 5). 

Table 5 | Steel slag leaching according to parameters described in section 2.3 of selected elements, n = 2. 

 

Bromide parameters 

Al <0.9 

(µg/L) 

Al 0.9-2    

(µg/L) 

Si <0.9     

(µg/L) 

Si 0.9-2    

(µg/L) 

Cr 60 40 10 10 

Mo 30 20 30 20 

Chromate parameters     

Cr 100 320 40 40 

Mo 70 100 140 230 

Molybdate parameters     

Cr 100 150 30 20 

Mo 70 60 90 80 

Element Sorbent mass (g) Contact time (min) Sorbate 

concentration 

(mg/L) 

Volume (ml) 

Cr 1 480 0.15 10 

Mo 0.5 240 0.13 10 
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3.2 Batch experiments 

3.2.1 Contact time 

After a contact time of 10 days, approximately 4% of the initially added bromide was 

adsorbed, with no difference between the two slags nor grain sizes. Fine grained Al-AOD 

adsorbed up to 7% chromate within one day after which the adsorption ceased. After ten days 

the adsorption was between -3% and 6% indicating a time dependent leaching of chromium 

from the fine grained Al-AOD. For the coarse grained Al-AOD the adsorption was between -

4% and -13% after one day and between -8% to -13% after ten days. Apparently was the 

amount of water leachable chromium higher in the courser size fraction despite its lower 

surface to volume ratio, which could be due to weaker interactions between chromium and the 

solid material. Fine grained Si-AOD adsorbed between of 10% to 11% after one day and 8% 

to 20% after ten days while the number corresponding for the larger size fraction was 0% to 

7% and 0% to 12%, respectively. Adsorption of molybdate to fine grained Si-AOD was -1% 

to -4% after one day and -5% to 1% after ten days. The corresponding results for the large 

size fraction was 1% to 5% and -1% to 9%. Both Al-AOD fractions adsorbed between 4% and 

15% (fine fraction) and 4% to 9% (coarse fraction) after one day but after ten days a drop to -

3% to 5% and -4% to -1% was noticed. Negative values for chromate indicates time 

dependent release of molybdate form both types of slag. 

The adsorption of chromate and molybdate rapidly reached their maxima and for chromate up 

to 30% adsorption was achieved after only a few minutes. However, the material itself 

seemed to release both chromate and molybdate after a few hours of contact with the aqueous 

phase. Equilibrium concentration was reached after approx. 24 h (figure 1) and the negative 

values for the coarse fractions indicate a release of the elements from the sorbent. From the 

results was 480 min chosen as the optimum equilibrium time for chromate and 240 min as the 

equilibrium time for molybdate. This was a compromise between sorption and mobilization.  

 

Figure 1 | Effects of contact time on adsorption of chromate to Al-AOD, pH ~11.3, sorbent concentration 10 g/L and 

initial concentration 0.29 mg/L. #a, #b indicates the two replicates. 
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3.2.2 Sorbent amount  

Despite the increased number of potential binding sites was the adsorption of bromide not 

affected when the sorbent concentration increased. Highest sorption of bromide occurred with 

10 g/L of sorbent for both slags and size fractions. 

Adsorption of chromate increased as the amount of sorbent increased. For fine grained Al-

AOD 44% to 64% maximum chromate adsorption was reached at a sorbent concentration of 

100 g/L. Corresponding adsorption for the coarse grain was 31% to 39%. The Si-AOD 

showed a slightly lower adsorption of 47% to 48% and 18% to 27% for the corresponding 

size fractions. Molybdate behaved similarly to chromate and the results for the Al-AOD slags 

are given in figure 2 where a maximum adsorption of over 65% can be seen. Adsorption of 

molybdate to Si-AOD resulted in -10% to 4% sorption to the fine grained and -34% to 4% to 

the coarse fraction, this could be due to water leachable molybdenum in the sorbent which get 

an increased impact at higher sorbent concentration. This release also occurred without 

presence of the test ion; however, this release is a few times higher, indicating an ionic 

strength depending mobilization. This phenomenon has been confirmed for selected trace 

elements in sediments by Wong et al. Chromate reached its maximum adsorption at higher 

sorbent amounts and therefore was a sorbent concentration of 100 g/L chosen as the optimum. 

On the other hand, molybdate behaved differently between the two slags, where the leaching 

from the Si-AOD was notably; therefore, a sorbent concentration of 50 g/L was chosen as a 

compromise between high adsorption and low release from the sorbent itself. 

 
Figure 2 | Molybdate sorption capacity of Al-AOD as a function of sorbent mass, pH: <0.9 mm = 11.15 – 11.98 and 
0.9-2.0 mm = 10.24 – 11.84. #a, #b indicate the two replicates. 

3.2.3 Sorbate concentration 

The ability to cope with varying sorbate concentrations is an important factor for all types of 

sorbents in order to handle variations in incoming contaminated water. For bromide maximum 

adsorption was obtained at a bromide concentration of 4.75 g/L (figure 3) for all sorbents. For 

the fine fraction of Al-AOD the sorption of chromate increased with increasing sorbent 

concentration, without the same clarity for the larger fraction (figure 4). A possible 
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between surface active groups and the sorbate. Molybdate had similar adsorption to both slags 

around 5% which was achieved at molybdate concentrations between 0.28 mg/L and 5.25 

mg/L. 

 

 
Figure 3 | Sorption capacity of bromide as a function of initial bromide concentration. 

 
Figure 4 | Sorption of chromate depending of initial concentration for the two fractions of Al-AOD.  
#a, #b indicate the two replicates. 
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Figure 5 | Sorption test of Mo based on the results  

from batch experiment, #a, #b indicate the two replicates. 

 
Figure 6 | Sorption test of Cr based on the results  

from batch experiment, #a, #b indicate the two replicates 

The sorption test was therefore also conducted using the conditions in table 4 but with three 

orders of magnitude higher sorbate concentration. As can be seen in figures 7 and 8 was the 

mobilization of the tested elements from the slag itself now inferior to the adsorption. As seen 

earlier was the adsorption capacity of the finer fraction higher for both slags. The sorption 

were greater for both elements to the <0.9 mm fractions, especially for chromium on Al-AOD 

where a five times higher adsorption was obtained. 

 
Figure 7 | Sorption test using same parameters as earlier 

stated, using a thousand times higher sorbate concentration. 

#a, #b indicate the two replicates. 

 
Figure 8 | Sorption test using same parameters as earlier 

stated, using a thousand times higher sorbate concentration. 

#a, #b indicate the two replicates. 
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The results from the sorption test for chromate and molybdate, shown in figures 7 and 8, gave 

sufficient data to allow for calculation of the solid/liquid partitioning coefficient (Kd) (table 

6), by using the mean of the two identical samples. For bromide is the Kd based on the data 

described in table 3, using data from 0.1 g of sorbent were the sorption was around 4%. 

Bromide was considered not having sufficient adsorption to conduct any further testing. 

Bromide mainly creates complexes with either silver or lead, which does not occur to any 

greater extent in the slag according to the results from the water leaching tests. Therefore, the 

impacts from these complex ions are assumed to be low. The concentrations of tested 

elements (figures 7 and 8) were high enough to withstand influence from release of chromium 

and molybdenum from the sorbent itself. The Kd values showed in table 6 can be compared 

with a soil which is a natural occurring sorbent for many elements. The Swedish Nuclear Fuel 

Management AB did a study to assess the transport and uptake of several elements onto 

different types of soil. For clay samples in Lake Mälaren at 22 cm depth the following Kd 

values are presented in m3/kg for Br; 0.06, Cr; 3.8 and Mo; 2.0. The values are somewhat in 

the same range as the ones in this project, indicating that AOD steel slag sorption is similar to 

a natural deposition material. The stated value for bromide is low and this can explain the 

behaviour observed in this study (cf. Sheppard, 2011). 

From the data generated by the batch experiments (table 2 and 3) it was possible to evaluate 

the adsorption capacity through isotherms (table 7). The Langmuir isotherm qm-value shows 

the maximum adsorption capacity and b is the equilibrium ratio of adsorbed and desorbed 

sorbate at the tested time, temperature, pressure and concentration. The Freundlich isotherm 

on the other hand gives an indication of the adsorption capacity KF, were a higher numerical 

value indicates a higher adsorption capacity. This value are important to evaluate the 

adsorption capacity, which are important for successful practical applications. It should be 

noted that not all data points were used and obvious outliers were removed to obtain usable 

isotherm data. The isotherms are only valid for the concentration ranges which were used. 

Hence, care should be taken in conclusions from the isotherm in concentration ranges other 

than the used. The qm-value between sorbent and sorbate test should be similar, which is not 

the case for all sorbents. Probably this is caused by the fact that all studied elements seem to 

be adsorbed to the sorbents by weak interactions. 

  

Table 6 | The partitioning coefficient values for each steal slag for chromate and molybdate, displayed in L/g.  

AOD Kd (Br) Kd (Cr) 
 

Kd (Mo) 
 

Al <0.9 4.24 3.38 
 

2.59 

Al 0.9-2 3.85 0.77 
 

0.61 

Si <0.9 7.50 1.06 
 

1.24 

Si 0.9-2 3.87 0.83 
 

0.49 
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Table 7 | Langmuir and Freundlich isotherm parameters of chromate and molybdate for sorbent and sorbate tests. 

 Sample Langmuir (sorbent amount) Langmuir (sorbate concentration) 

  qm (mg/g) b R2 Points  a qm (mg/g) b  R2 Points a 

Cr Al <0.9 18.66 -2.26 0.90 5 12.84 -2.40 0.92 6 

Cr Al 0.9-2 2.05 -0.26 0.83 6 14.45 0.31 0.66 6 

Cr Si <0.9 4.23 -0.31 0.71 7 4.52 -2.10 0.84 6 

Cr Si 0.9-2 0.56 -0.31 0.70 6 5.43 9.16 0.97 5 

Mo Al <0.9 18.42 9.87 0.86 6 9.88 -4.91 0.98 6 

Mo Al 0.9-2 1.54 -0.61 0.45 7 8.87 -3.57 0.84 7 

Mo Si <0.9 0.27 -0.53 0.29 9 2.91 -2.75 0.91 6 

Mo Si 0.9-2 0.54 -0.55 0.43 4 3.28 -1.54 0.73 7 

 Sample Freundlich (sorbent amount) Freundlich (sorbate concentration) 

  KF (mg1-n/g) n R2 Points a KF (mg1-n/g) n R2 Points a 

Cr Al <0.9 2.89 0.99 0.91 5 28.40 0.72 0.96 6 

Cr Al 0.9-2 5.51 0.22 0.87 5 6.02 1.81 0.60 7 

Cr Si <0.9 5.15 0.35 0.67 6 9.66 0.92 0.91 8 

Cr Si 0.9-2 0.77 0.83 0.14 7 5.67 1.08 0.67 7 

Mo Al <0.9 4.88 1.07 0.85 6 35.36 0.87 0.97 6 

Mo Al 0.9-2 2.33 2.42 0.04 6 12.34 1.29 0.86 7 

Mo Si <0.9 n/a - - - 9.65 1.01 0.92 5 

Mo Si 0.9-2 n/a - - - 5.15 1.35 0.98 4 
a number of data points remaining after removal of outliers. 

With a higher ionic strength comes a higher ion density in the diffuse double layer 

surrounding each particle, making it harder for the particles to interact with the specific 

functional groups on the sorbent surface were the sorption takes place. As a consequence, 

might the adsorption efficiency for elements decrease. For the slags in this work this can be 

exemplified with chromate as can be seen in figures 9 and 10. An increased ionic strength 

clearly decreases the adsorption of chromate to both Al- and Si-AOD with size 0.9-2mm. This 

indicates that the bond strength between the sorbent and the sorbate (chromate) is outer-

sphere binding and therefor weaker which rules out covalent binding (Stumm and Morgan, 

2013).  

 

Desorption is also an important factor if sorbent contaminants can be washed away in order to 

reuse the sorbent. However, the results indicate that for especially chromate and molybdate 

the practical uses in e.g. filters for road runoffs might be limited. The limitations might be 

more pronounced during winter when de-icing using salt will increase the ionic strength in the 

runoff. 
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Figure 9 | Effects of different ionic strength on adsorption of chromate to Al-AOD,  50 g/L sorbent, chromate 0.29 

mg/L, 240 min, #a, #b indicate the two replicates. 

 

Figure 20 | Effects of different ionic strengths on adsorption of chromate to S i-AOD. 50 g/L sorbent, chromate 0.29 

mg/L, 240 mi,.  #a, #b indicate the two replicates. 

4 CONCLUSION 

According to the results bromide, chromate and molybdate are, depending on the 

concentration range, to some extent adsorbed to AOD of Al- and Si-type. According to the 

Langmuir isotherm up to 20 mg/g of chromate and molybdate could be adsorbed to Al-AOD 

which was superior to Si-AOD as a sorbent. Concentrations in the tests were chosen to 

resemble potential levels in the environment and these were affected by the steel slags content 

of primarily chromium and molybdenum. The smaller size fractions of both slags had higher 

sorption capacity through the sorption test and according to the calculated isotherms, however 

the uncertainty of the isotherms are notably due to the poor linearity in the chosen range. 
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