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Abstract 
Mill scale is a by-product from hot rolling of steel. It has a high content of iron oxide which has the 

ability to adsorb ions. Hexavalent chromium is a pollutant which could be adsorbed to mill scale. 

Different pre-treatment of the mill scale was tested to optimize the adsorption of hexavalent 

chromium. For an efficient adsorption of hexavalent chromium the pH had to be below 6 in the 

aqueous phase. Optimal adsorption was obtained on mill scale treated at a low temperature, as 

sintering at higher temperatures decreased the surface area, with the optimal pre-treatment being 

heating at 200 °C followed by a rapid cooling of the mill scale. This study also showed that the mill 

scale used for adsorption can be reused after desorption with only a slight decrease in capacity. A 

large heterogeneity of the material was noticed during the adsorption tests and the capacity 

fluctuated significantly between 50 % and 85 % for the different samples. The content of organic 

matter in the material and its removal was also studied. Chemical treatment with NH3 and NaOH 

showed no increase in removal of organic matter only heating at different temperatures showed 

success. This indicates that the present organic matter most likely is stable long chained 

hydrocarbons e.g. lube oil. 
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1.  Introduction 
Hexavalent chromium is a pollutant that can exist in many environments. In ground waters and in the 

crust of the earth it is occurring naturally (Kelepertzis et al., 2012). Anthropogenic chromium is also 

leached into the environment as it is used in several different industries such as for the production of 

steel, preservation of wood and leather tanning (Arisoy and Demir, 2007). Iron oxides are often able 

to adsorb Cr(VI) through electrostatic interactions as the surface of the material is positively charged 

and the chromate ion is negatively charged. This interaction is highly dependent of the solution pH 

(Cao et al., 2012). Iron oxides can also adsorb cations by specific or non-specific adsorption which is 

due to a release of protons instead of hydroxyl ions which is the case for anion adsorption (Cornell 

and Schwertmann, 2003). Mill scale is a by-product from hot rolling of steel and consists of mostly 

iron oxides. This makes it into a promising material for remediation of chromium(VI)-contaminated 

water since it may act as a good adsorbent (Legodi and de Waal, 2007). 

 

1.1 Iron Oxide 

The common compound iron oxide can be found in nearly all categories of the global system. It is 

present in all soil, air, water and ecosystems of the planet. All iron oxides are composed by iron and 

oxygen but at different ratios with different structures and physical properties.  

 Hematite α-Fe2O3, rhombohedral, rounded and platy crystals. 

 Magnetite Fe3O4, octahedral crystals. 

 Maghemite γ-Fe2O3, cubic, irregular or lath crystals. 

 Wüstite Fe1-xO, cubic crystals.  

The surface areas of these iron oxides depend on which structures the crystals have and can be 

ranging from <5 m2/g to 200 m2/g. (Cornell and Schwertmann, 2003). Amorphous iron oxides which 

are lacking crystalline structure can reach surface areas as high as 316 m2/g (Borggaard, 1983). 

The adsorption capacity of iron oxide is highly dependent on pH as it alters the properties of the 

surface (Adegoke et al., 2014). The functional groups of iron oxide are the surface hydroxyl groups 

which have a double electron pair and a hydrogen atom which can dissociate and permits both acid 

and base reactions. The surface charge is caused by hydroxyl group dissociation and is dependent on 

pH. The pH where no charge is present at the surface i.e. point of zero charge (pzc), is for iron oxides 

ranging from pH 6-10 (Cornell and Schwertmann, 2003). An increased pH decreases the adsorption of 

anions and the probable optimal conditions for adsorption of Cr(VI) is around pH 2.0-3.0 (Adegoke et 

al., 2014). The three dimensional structure also affects the adsorption capacity and a larger surface 

area lead to higher adsorption (Cao et al., 2012). 

1.2 Mill scale 

During hot rolling of steel, mill scale is produced at up to 40 kg/ton of product. The composition of 

this by-product is mainly metallic iron and different iron oxides together with small amounts of 

organic matter such as oils. Coarse mill scale containing below 1 % organic matter can be sintered 

and reused directly. Mill scale containing more than 3 % organic matter has to be treated before 

sintering as release of dioxins and other volatile organic pollutants and toxins is possible when 

heated. Finer mill scale with a particle size below 0.1 mm is prone to adsorb oils to an extent of 5-20 

% and must always be treated before reuse (Legodi and de Waal, 2007). Extensive pre-treatment is 
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both time and money consuming which makes recycling inefficient and it is common that the waste 

products are deposited in landfills. This can in turn lead to leaching of heavy metals used in the steel 

manufacturing process into the environment (Legodi and de Waal, 2007). 

By heating the mill scale and measuring the weight loss information about the content of hydration 

water, organic compounds and carbonate can be obtained. To identify the amount of hydration 

water present in the raw material it can be heated at 105 °C for 12 hours. This will cause evaporation 

of water and organic compounds with a boiling point up to 105 °C and leave the dry weight of the 

mill scale. To find out the proportion of organic matter in the sample it can be heated at 550 °C for 4 

hours which will cause oxidation and production of CO2 and ash. To see the amount of carbonates 

present in the material it can be heated at 950 °C for 2 hours which will convert carbonates to carbon 

dioxide (Heiri et al., 2001). 

1.3 Activation and optimization of mill scale for anion adsorption 
Before using the mill scale organics have to be removed so that the process of decontaminating a 

water sample will not pollute it with organic matter. Optimization of the structure and composition 

of the iron oxides might also be needed for optimal adsorption of anions. At higher temperatures 

finer crystals with lower surface areas can be formed. Hematite has a surface area of less than 5 m2/g 

when treated at 900 °C because of sintering. When treated at temperatures lower than 600 °C the 

surface area is higher, up to 200 m2/g. By allowing the heated iron oxide to cool slowly the formed 

crystals are more ordered which leads to a lower surface area. If the heated iron oxide instead is 

cooled rapidly the formed crystals will not become ordered thus leading to a higher surface area of 

the iron oxides (Cornell and Schwertmann, 2003). By heating the material together with carbon a 

reducing environment is obtained and iron(II) and iron(0) forms as the carbon will react with oxygen 

in the iron oxide and form carbon dioxide. Temperatures above 900 °C lead to increased reduction of 

the material (El-Hussiny et al., 2015). 

By treating the material with alkaline solutions organic matter can be dissolved. Cellulose which is a 

large and stable organic molecule, hard to dissolve in regular solvents, can for instance be dissolved 

in an 8 % NaOH solution (Gu, Jin and Zha, 2007). An alkaline solution is well suited for removal of 

organics from the mill scale as it will not dissolve the iron oxides which an acidic solution will (Cornell 

and Schwertmann, 2003). 

1.4 Chromium 
In mammals chromium is an important element used for synthesis of nucleic and amino acid as well 

as for metabolism of glucose (Kelepertzis et al., 2012). In nature Cr(III) and Cr(VI) are the two 

dominant oxidation states depending on the redox conditions. The less toxic Cr(III) will precipitate 

into a solid hydroxide phase or get adsorbed at neutral pH. At near neutral and alkaline conditions 

the more toxic Cr(VI) is the most soluble and mobile form. When the levels of hexavalent chromium 

are increasing above 0.1 g/kg body weight the result can be fatal (Kelepertzis et al., 2012). At lower 

concentrations Cr(VI) can cause harmful conditions such as lung cancer, pneumonitis and asthma 

when inhaled and on contact with the skin it can cause dermatitis, allergies, dermal corrosion and 

necrosis (Kotaś and Stasicka, 2000). The hexavalent chromium ion moves through the cell membrane 

with ease by diffusion and inside the cell is acts as a strong oxidizer, forming radicals as it reduces to 

Cr(III) (Kotaś and Stasicka, 2000).  
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1.5 Removal of chromium 
There are different methods of removing hexavalent chromium from aqueous solutions such as 

reduction, adsorption, chemical precipitation, solvent extraction and ion exchange (Jiang et al., 

2011). The ions gain electrons when reduced, attach to a surface when adsorbed, precipitate to a 

solid when chemically precipitated, transfer to another liquid phase which can be removed when 

solvent extracted and exchange between a complex and a solution when ion exchanged. 

By reducing Cr(VI) to Cr(III), the chromium itself is not removed, but the redox state causing more 

harm to the human body is converted to a less harmful, and is immobilized and less available to the 

biota. This is due to the formation of Cr(III) hydroxides which precipitates at neutral pH or is 

adsorbed to mineral surfaces. For the reduction to occur, a suitable reducing agent must be present. 

Examples of such are Fe(0), Fe(II), minerals containing divalent iron, H2S and organic compounds such 

as fulvic acid (Wittbrodt & Palmer, 1995; Deng et al., 2001). The kinetics of reducing Cr(VI) also 

depends on pH and concentration of the reactant (Deng et al., 2001). 

Another method for removing hexavalent chromium is by adsorption. For Cr(VI) an adsorbent with a 

positively charged surface is needed and at a pH of 3 hexavalent chromium mainly exists as HCrO4
- 

and Cr2O7
-2. A suitable adsorbent can be iron oxide which will be positively charged at pH below 6 

and allow for electrostatic interactions between iron and the chromium ions (Cao et al., 2012). Iron 

oxides interact with the adsorbate either by specific adsorption or by non-specific adsorption. One 

type of specific adsorption is the so called ligand exchange where the anion replaces the hydroxyl 

group on the surface of the iron oxide. This interaction is neatly coordinated to the material and no 

solvent molecules are present between the anion and the solid. This interaction is therefore partially 

characterized as covalent. The anion is often bound hard to the surface and is difficult to desorb. 

However, adsorption of chromium is seldom caused by ligand exchange (Cornell and Schwertmann, 

2003). Non-specific adsorption, which is common for adsorption of hexavalent chromium, can be 

seen as outer sphere adsorption with water molecules present between the iron oxide surface and 

chromate ion. It is the contribution of electrostatic forces to the adsorption energy that decides the 

capacity of adsorption, thus an increased ionic strength increases the adsorption. For non-specific 

adsorption the anions are easily replaced (Cornell and Schwertmann, 2003). In a solution with more 

than one species of anions of the same charge, they will be adsorbed corresponding to their 

concentration (Cornell and Schwertmann, 2003). The competition of adsorption between different 

anions in the solution can also affect the adsorption of the wanted ion. Sulphate, calcium, silicate, 

chloride, phosphate, bicarbonate and humic acid are ions found in natural waters which can suppress 

the chromium adsorption depending on which ion that forms the most favourable adsorption 

complex (Chen et al. 2008). 

1.6 Aim 
The aim of this project is to determine if adsorption of hexavalent chromium to mill scale is possible 

and if pre-treatments such as heating of the mill scale affects the adsorption. An aim is also to 

determine if the material can be reused. 
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2. Materials and method 

2.1 Material 

The mill scale examined was received from Outokumpu Avesta. Chromium contaminated water was 

sampled from a former industrial site outside Eskilstuna.   

2.2 Chromium analysis 

Micro Plasma Atomic Emission Spectroscopy (MP AES) is a fast and precise method for analysis of 

trace metals (Drvodelic 2015; Karlsson et al., 2015). Compared to the traditional inductively coupled 

plasma (ICP) the micro wave induced plasma runs on nitrogen and is a cheap alternative when 

nitrogen is supplied by a gas-generator (Karlsson et al., 2015). For chromium analysis, the MP AES has 

a detection limit between 1-3 ppb at regular settings (Karlsson, 2016). The ICP-MS is capable of 

measuring lower concentrations of trace metals such as chromium than the MP AES but for the 

purposes of this report the MP AES is sufficient according to Karlsson et al., (2015). 

The MP AES (Agilent 4200 equipped with an Agilent SPS-3 autosampler) was equipped with a double 

pass cyclonic spray chamber and a OneNeb nebulizer. The samples were injected through a tygon 

tubing with a diameter of 0.89mm. The analytical cycle was comprised of a 90 second rinse with 1 % 

nitric acid at a pump speed of 80 rpm, a 45 second sample uptake with an 80 rpm pump speed and 

15 seconds of stabilization time before measuring the element content using a pump speed of 10 

rpm. A solution of CsNO3 at 1.25 g/l in 1% nitric acid was used as an ionization suppression solution 

and was introduced through a 0.19mm tygon tubing connected by a Y-piece to the sample channel. 

Lanthanum, lutetium and yttrium were used as internal standard elements at a concentration of 1 

mg/l. Nebulizer flow and viewing angle were optimized at the beginning of each analytical series. The 

wavelengths used for measuring were 425.433 nm and 357.868 nm for Cr, 371.993 nm and 259.940 

nm for Fe, 371.024 nm and 437.494 nm for Y, 394.910 nm and 408.672 nm for La and 261.542 nm for 

Lu.  

2.3 Loss on ignition (LOI) 
The amount of organic matter in the mill scales was determined from the loss on ignition. To see if 

the amount of sample would influence the LOI four samples with different weights were prepared. 

The raw material was stirred moderately with a spoon before preparation of the samples which were 

then heated at 105 °C for 22 hours to remove hydrate water. The dry weights were then measured. 

The samples were then heated at 550 °C for four hours to remove organic matter such as oils. After 

cooling to room temperature the samples were weighed and the loss of weight was noted. Finally the 

samples were heated at 950 °C for two hours to remove carbonates. The cooled samples were then 

weighed. All heating was performed in a muffle furnace (Nabertherm L5/C6 150206 made in 

Germany). 

2.4 Alkaline removal of organic matter 
Chemical removal of the organic matter (by alkaline hydrolysis) from the mill scale was tested with 

alkaline solutions. 

2.4.1 Ammonia 

A solution of ammonia was prepared by adding 10 ml concentrated NH3 to 225 ml de-ionized water 

(18.2 MΩ) to have a concentration of approximately 0.6 M. Four samples of mill scale with different 

weights were prepared in 50 ml Sarstedt tubes and the ammonia solution was added to the 50 ml 
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mark. The samples were agitated with an overhead shaker for 14 hours. Then the samples were 

centrifuged at 5000 G. After centrifugation the mill scales were rinsed twice with de-ionized water 

and centrifuged in between. The rinse solution was discarded. Then the mill scale was transferred to 

porcelain crucibles. To transfer all mill scales 2 ml of de-ionized water (18.2 MΩ) was added to the 

tubes and the slurry was transferred to the crucibles. The wet iron oxide samples were then placed in 

the oven and the LOI was measured as described above (2.3).  

2.4.2 Sodium hydroxide. 

A solution of 2M NaOH was prepared by adding pellets of NaOH(s), to de-ionized water (18.2 MΩ). 

Twelve samples were prepared in total with different amounts of iron oxide which were treated for 

one hour. Four samples were treated at room temperature (R1-4), four were heated at 40 °C in a 

water bath (W1-4) and four were submerged in an ultrasonic bath at room temperature (U1-4) with 

an increase in temperature to 36 °C. All samples were shaken every 10 minutes. The samples were 

then centrifuged at 5000 G. As much as possible of the liquid phase was removed. Then 40 ml de-

ionized water was added to remove residual NaOH. The washing was performed for 14 hours during 

agitation. The samples were then centrifuged at 5000 G. The liquid phases were removed and the 

pellets were transferred to crucibles. De-ionized water (18.2 MΩ) was added at a volume of 1 ml to 

enhance the transfer of mill scales. To prevent splattering during the initial heating a temperature 

program was used. Initial heating to 60 °C during 1 hour was followed by heating to 80 °C for 1 hour 

and finally the temperature was increased to 105 °C for 5.5 hours. LOI was measured as described 

above (2.3).  

2.5 Heating optimization 
To examine how long the mill scale would have to be heated to give the highest loss of organic 

matter 14 crucibles were prepared with approximately 5 g of raw material each. Seven crucibles 

were heated at 550 °C and seven at 200 °C. One sample was cooled every half hour for the first three 

hours and the last sample was cooled after four hours. The samples were then weighed and the 

weight loss was measured. 

2.6 Sample preparation 
Different treatments of the mill scale, prior to the adsorption tests were performed to examine if 

higher adsorption capacity was obtained. All heat treated samples were heated in porcelain 

crucibles. The samples which were rapidly cooled were directly poured into cold water. The water 

was then decanted and the mill scale heated to 60 °C until it was completely dry (approximately four 

hours). The chemically treated samples were prepared as in section 2.2.2 with 2M NaOH. For the 

sample treated with active carbon, the carbon was added at an amount of approximately 0.5 g and 

mixed well with the mill scale. Approximately 5 g of raw product were used for all pretreatments 

which are summarized in table 1 with abbreviations and treatment parameters. 

 

 

 

 

 



10 
 

Table 1: Mill scale pre-treatments and labels 

2.7 Leaching of chromium 
The possible presence of chromium in the mill scale was examined by acidic, alkaline and neutral 

leaching of 1 g of raw sample in 15 ml Sarstedt tubes. The acidic, alkaline and neutral solutions were 

prepared with de-ionized water (18.2 MΩ) and HNO3 or NaOH to pH 4, 7 and 9. The pH-meter used 

was a Metrohm 6.0257.000 probe. Each solution was added at a volume of 10 ml to two replicate 

samples which were then agitated on an overhead shaker for 14 hours. The samples were then 

filtered through 0.2 µm polypropylene filter and acidified with 100 µl concentrated HNO3 / 10 ml 

sample. The same amount of internal standard was added prior analysis.  

2.8 Adsorption 
2.8.1 Adsorption of Cr from standard solutions at different pH 

Three different chromium solutions were prepared: acidic, neutral and alkaline. Each was prepared 

by adding Na2CrO4(s) to three plastic bottles, 0.312 g in each. One litre of de-ionized water (18.2 MΩ) 

was added to each bottle which made the chromium concentration in the solution 69.2 mg/l. The 

alkaline chromium solution was made basic with 190 µl 1M NaOH and the acidic solution was 

acidified with 1.43 ml 1% HNO3. 

Samples were prepared for adsorption with either 0.5 g or 1 g of different mill scales in 15 ml 

Sarstedt tubes with two replicates of each sample. Then 10 ml of the different Cr-solutions were 

added to the mill scale. The samples were then agitated with an overhead shaker for 24 hours. Prior 

to analysis all samples were filtered through 0.2 µm polypropylene filters. Then all samples were 

acidified with 100 µl concentrated HNO3/10 ml sample. The samples were then diluted 10 times with 

1 % HNO3 and internal standard was added at a concentration of 100 µl/10 ml. 

2.8.2 Buffering of pH for optimal adsorption 

The pH was measured in the samples prepared with the standard solution at pH 4.5 after addition of 

mill scale to see if the pH was altered. A stock solution of chromium at 6.92 g/l was prepared by 

adding 1.557 g Na2CrO4 to 50 ml of de-ionized water (18.2 MΩ).  

Sample 
name 

Heat (°C) Time (hrs) Cooldown Chemical Other 

200°C 200 4 Slow   
200°C 90 200 1.5 Slow   
200°C RC 200 4 Rapid   

550°C 550 4 Slow   
550°C RC 550 4 Rapid   
550°C C 550 4 Slow  Active carbon 
950°C 950 2 Slow   

U    NaOH in ultrasonic 
bath 

 

R    NaOH in room 
temperature 

 

U 550°C 550 4 Slow NaOH in ultrasonic 
bath 

 

R 550°C 550 4 Slow NaOH in room 
temperature 

 

Raw      
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To see how much acid it would take to bring down the pH below 6 and stabilize it in a sample 

containing mill scale, 40 ml of de-ionized water (18.2 MΩ) was added to a 50 ml beaker. Then 4 g of R 

550°C treated mill scale was added and the slurry was stirred with a magnetic stirrer. A pH-probe was 

used for monitoring the pH. Then 400 µl of chromium stock solution was added. By adding 

concentrated H2SO4 at small volumes the pH would rapidly drop below 2.5 and then slowly increase 

after approximately 30 minutes. A total of 232 µl acid was added and was left to stir for 14 hours. 

The same test was performed with Raw mill scale sample where 232 µl concentrated H2SO4 was 

added at once. After approximately 30 minutes 400 µl chromium stock solution was added and the 

sample was then stirred for 1.5 hours. 10 ml of each sample was filtered into 15 ml Sarstedt tubes. 

These samples were acidified, diluted and internal standard was added prior analysis as described in 

section 2.8.1.  

2.8.3 Adsorption with stabilized pH below 6 

Samples were prepared for adsorption with 1 g of differently treated mill scales in 15 ml Sarstedt 

tubes. Then 10 ml de-ionized water (18.2 MΩ), 100 µl chromium stock solution and 58 µl 

concentrated H2SO4 were added and all samples were agitated on an overhead shaker for 48 hours. 

Before analysis the samples were treated as described in section 2.8.1. A capacity test was 

performed with 0.05 g, 0.1 g, 0.25 g and 0.5 g of the 550°C C sample. These samples were treated as 

the previously prepared but acid was added at volumes relative to the volume of iron oxide at 2.9 µl, 

5.8 µl, 14.5 µl and 29 µl.  

2.8.4 Adsorption optimization 

Three extensive adsorption tests were done with 58 µl concentrated H2 SO4 /1 g iron oxide. The 

chromium stock solution was added at 100 µl/10 ml. All samples were prepared with de-ionized 

water (18.2 MΩ) and were agitated on the overhead shaker for at least 12 hours. Prior to analysis all 

samples were filtered through 0.2 µm polypropylene filters, diluted 10 times with 1% HNO3 and with 

an addition of internal standard at 100 µl/10 ml. The first adsorption test was performed with 0.1 g 

and 0.25 g of the differently treated mill scales. The second was performed with three replicates of 

each mill scale with a weight of 0.1 g. The third was performed as the second, but the acid was 

diluted to 1 % and a volume of 580 µl acid was added to a volume of 9.42 ml water. 

2.8.5 Adsorption of chromium from contaminated water 

The adsorption of chromium in a more complex matrix was tested with groundwater from a 

chromium(VI)-contaminated site. For this adsorption test 550°C RC samples were used in amounts of 

0.1 g and 0.2 g with a corresponding amount of 1 % sulphuric acid. Three replicates were made for 

these samples. Three replicates of the contaminated water without any iron oxide were also made to 

examine the concentration of chromium in the sample. These samples were treated the same way as 

the third adsorption optimization samples. 

To determine the composition of the water sample an ICP-MS analysis was performed with solutions 

where adsorption had taken place on 0.1 g of 550°C RC and a blank containing only the sample. 

These samples were diluted 10 times and acidified with 1 % concentrated HNO3. 

The ICP-MS used was an Agilent 7500cx which was set up with a Scott double pass spray chamber 

working at 2 °C and a MicroMist nebulizer. A 30 second sample probe rinse at 24 rpm with de-ionized 

water (18.2 MΩ), a 20 second sample line rinse at 24 rpm with de-ionized water (18.2 MΩ), a 30 

second rinse at 24 rpm with 1% nitric acid, sample uptake at 24 rpm for 60 seconds, stabilization for 
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20 seconds at 6 rpm and reading at 6 rpm made the analytical cycle. Tygon tubing was used with an 

inner diameter of 1.02 mm. The internal standard element used was 103rhodium which was added to 

the samples to give a concentration of 10 µl/l. For measurements of As, Fe, Se and V a collision cell 

was used. The parameters are shown in table 2. 

Table 2: ICP-MS parameters 

Plasma Parameters No Gas He Gas  

RF Power 1500 1500 W 

Smpl Depth 8.0 8.0 mm 

Torch-H 0.0 0.0 mm 

Torch-V -0.4 -0.4 mm 

Carrier Gas 0.90 0.90 L/min 

Makeup Gas 0.20 0.20 L/min 

Nebulizer Pump 0.10 0.10 Rps 

S/C Temp 2 2 °C 

Ion Lenses    

Extract 1 0.0 0.0 V 

Extract 2 -150.0 -150.0 V 

Omega Bias-ce -20.0 -30.0 V 

Omega Lens-ce 1.8 2.0 V 

Cell Entrance -26 -40 V 

QP Focus 3 -10 V 

Cell Exit -46 -50 V 

Q-Pole Parameters    

QP-Bias 1.5 -18.0 V 

Octopole Parameters    

OctP RF 180 180 V 

OctP Bias -6.0 -20.0 V 

Reaction Cell    

Reaction Mode OFF ON  

H2 Gas - 0.0 ml/min 

He Gas - 5.0 ml/min 

Optional Gas - -  

Detector Parameters    

Discriminator 8.0 8.0 mV 

Analog HV 1690 1690 V 

Pulse HV 1130 1130 V 

 

2.9 Data distribution of adsorption capacity 
Due to the heterogeneity of the raw material 15 replicates were prepared with 0.1 g 550°C RC mill 

scale for adsorption as described earlier. These samples were acidified with 1% H2SO4 with a volume 

of 0.58 ml to 9.42 ml of water. After adsorption and analysis the results were used for evaluation of 

the heterogeneity. 
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2.10 Desorption 
The first adsorption samples with a stabilized pH below 6 were tested to examine if the adsorbed 

chromium can be desorbed from the mill scales. De-ionized water (18.2 MΩ) at a volume of 10 ml 

and 0.77 g to 0.82 g of NaOH(s) was added to each sample. The samples were agitated by an 

overhead shaker for 14 hours. Prior to analysis these samples were prepared as the adsorption 

samples but were diluted 30 times to compensate for the heavy matrix. Then a re-adsorption test 

was performed on the desorbed samples that were washed with 15 ml of de-ionized water (18.2 MΩ) 

for 14 hours before adsorption. These samples were then treated as during the first adsorption test. 

A second desorption test was then performed as previously. 

3. Results 

3.1 Loss on ignition (LOI) 
Table 3: Loss on ignition for raw sample 

 550°C 550°C 950°C 950°C 
Sample Weight loss (g) Weight loss (%) Weight gain (g) Weight gain (%) 

1 0.023 2.383 0.061 6.476 
2 0.043 2.598 0.107 6.638 
3 0.088 2.690 0.219 6.880 
4 0.119 2.472 0.307 6.539 
Average  2.536  6.633 

 

In table 3 the weight loss and gain after the LOI test is showed. The initial weights of the different 

samples were approximately 1, 2, 3 and 5 g.  

3.2 Alkaline removal of organic matter 

3.2.1 Ammonia 
Table 4: Loss in ignition for NH3 treated samples. 

 550°C 550°C 950°C 950°C 

Sample Weight loss (g) Weight loss (%) Weight gain (g) Weight gain (%) 

1 0.025 2.735 0.055 6.187 

2 0.024 1.855 0.082 6.457 

3 0.077 2.897 0.164 6.354 

4 0.108 2.462 0.247 5.772 

Average  2.487  6.192 
 

The samples were wet during the heating and splattering occurred in the oven which resulted in loss 

of material. When heating at 950 °C the oven was left unattended and after two hours when the 

crucibles were to be removed the oven had shut itself off and had dropped to a temperature of 610 

°C. This was probably due to a temperature increase above the maximum at 1100 °C. The 950 °C 

heating for two hours was therefore repeated. The different loss and gain of weight after LOI test of 

the samples can be seen in table 4. The initial dry weights were approximately 1, 2, 3 and 5 g.  
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3.2.2 Sodium hydroxide 
Table 5: Loss on ignition for NaOH treated samples. 

 550 °C 550 °C  550 °C 550 °C  550 °C 550 °C 

Sample Weight 
loss (g) 

Weight 
loss (%) 

Sample Weight 
loss (g) 

Weight 
loss (%) 

Sample Weight 
loss (g) 

Weight 
loss (%) 

R1 0.023 2.539 W1 0.018 1.763 U1 0.019 1.618 

R2 0.044 2.331 W2 0.048 2.582 U2 0.035 1.790 

R3 0.061 2.108 W3 0.089 3.025 U3 0.067 2.043 

R4 0.110 2.262 W4 0.121 2.516 U4 0.076 1.584 

Average  2.310 Average  2.472 Average  1.759 

 

The temperature program used was sufficient to dry the samples completely and by doing this, no 

splattering of the samples occurred in the oven. Since only an increase of weight could be seen in the 

previous LOI test when heated to 950 °C this step was removed. In table 5 the weight loss is shown 

after LOI for the differently treated samples. The initial weights were approximately 1, 2, 3 and 5 g.  

3.3 Heating optimization 
Table 6: Weight loss after heating at different temperatures for different amounts of time. 

 550 °C 550 °C 200 °C 200 °C 

Time Weight loss (g) Weight loss (%) Weight loss (g) Weight loss (%) 

30 min 0.430 8.376 0.292 5.34 

60 min 0.423 8.385 0.316 6.274 

90 min 0.462 9.145 0.417 8.119 

120 min 0.476 8.636 0.375 6.821 

150 min 0.550 10.397 0.381 7.549 

180 min 0.405 7.642 0.331 6.187 

240 min 0.429 8.179 0.343 6.424 

 

The initial weights of the samples in table 6 were approximately 5 g. The weight loss is here shown in 

both grams and % units.  

3.4 Leaching of chromium  

The pH of the leaching solutions were 3.99, 7.0 and 9.01. In this test no chromium was found in the 

samples at concentrations above the limit of detection. 

3.5 Adsorption  

3.5.1 Chromium adsorption in neutral, alkaline and acidic solutions 

The neutral chromium solution had a pH of 7.32, the alkaline solution had a final pH of 9.0 and the 

acidic had a pH of 4.46. The following figures show the percent of chromium adsorbed on the mill 

scale in the solutions at different pH. The liquid phases of the samples all had a yellow colour like the 

chromium solutions after adsorption.  
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Figure 1: Adsorption of Cr on samples at neutral pH.  

 

 

Figure 2: Adsorption of Cr on samples at pH 9. 
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Figure 3: Adsorption of Cr on samples at pH 4.5. 

 

3.5.2 Buffering of pH for optimal adsorption 

When measuring the pH in adsorption samples at pH 4.5 the pH had increased in all samples. For the 

550°C sample the pH increased to 9.2. The percentage of chromium adsorbed in the pH stabilization 

test is shown in figure 4. For the 550°C C sample initially the pH was stable at 10.32. The pH stabilized 

at 5.27 after addition of H2SO4. For the Raw sample the pH stabilized at 5.54 after addition of acid.  

 

 

Figure 4: Adsorption of Cr on the samples used for pH stabilization test. 
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3.5.3 Adsorption at stabilized pH below 6 

When the pH was stabilized below 6 complete adsorption of chromium was achieved on all mill scale 

samples used; U 550°C, R 550°C, 550°C, 550°C C, U, R and Raw. The liquid phases of all samples were 

after adsorption clear and had no yellow colour.  

The percentage of 550°C C sample required to reach total adsorption is shown in figure 5. 

 

Figure 5: Adsorption of Cr at different amounts of iron oxide, thus the adsorption capacity.  

3.5.4 Adsorption optimization 

The percentage of chromium adsorbed from the total concentration of 69.2 mg/l to the different 

samples is shown in figure 6, 7 and 8.  

 

Figure 6: Adsorption of Cr on different samples after the first optimization analysis. 
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Figure 7: Adsorption of Cr on different samples after the second optimization analysis. 

 

Figure 8: Adsorption of Cr on different samples after the third optimization analysis. 
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Table 7: Adsorption capacity and mMol/g Cr adsorbed for the different mill scales.  

Sample Adsorption 
capacity 
(µg/g) 

Adsorbed Cr 
(mMol/g) 

200°C 2.832  0.588  
200°C 90 2.493  0.518  
200°C RC 5.359  1.114  
950°C -0.228  -0,047  
550°C 4.375  0.909 
550°C RC 4.255  0.884 
550°C C 3.238  0.673  
Raw 5.149  1.070  

 

Adsorption capacity = 
((C0−Ce)∗V) 

𝑚
, where C0= the initial concentration, Ce= concentration after 

adsorption, V= volume and m= mass of the mill scale. 

Adsorbed chromium = (
𝐶∗𝑣

𝑀
) ∗  (

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 % 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

100
∗ 10), where C= 0.692 g/l, M= 52 g/Mol, v= 0.001l 

and Average % adsorbed differs for each mill scale sample.  
 

3.5.5 Adsorption of chromium in contaminated water sample 
In figure 9 the adsorption is not shown in percent units but as the concentration of chromium in the 

sample and in the liquid phase of the 550°C RC adsorption samples at 0.1 g and 0.2 g. 

 

Figure 9: Concentrations of chromium in the contaminated water sample and in the liquid phase after adsorption on 
550°C RC. 
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Table 8: Water sample composition 

 Sample (ppb) Ads. Sample (ppb) 

Na 71800 73100 
Ca 34900 62800 
Mg 31600 31500 
K 11200 11200 
Cr 3000 3,8 
Sr 270 385 
U 40,2 4,3 
Ba 33,6 80,7 
Al 19,8 2260 
Fe 9,4 353000 
Li 7,3 64,0 
Mo 4,4 12,5 
Rb 3,3 4,2 
Cu 1,6 6,1 
Mn 1,3 5110 
Ga 1,2 2,8 
Ni 0,9 33100 
Zn 0,7 98,9 
Co 0,1 569 

3.6 Data distribution 
The distribution of adsorption data is shown in figure 10 as percent adsorption for the 15 replicates 

including the average and standard deviation.  

  

Figure 10: Dispersion of adsorptions of Cr on replicates of sample 550°C RC. The average adsorption with a standard 
deviation at 10.27 units is also displayed. 

40

45

50

55

60

65

70

75

80

85

90

0 0,5 1 1,5 2 2,5

%
 A

d
so

rb
ed

Data distribution

Replicates Average ± STDEV



21 
 

3.6.1 Method margin of error 

Margin of error for sample mean: 𝑧 ∗ 𝜎

√𝑛
 = 5.20 units  

where z = 1.96 for a 95% confidence, 𝜎= the standard deviation of 10.27 and n= the number of 

samples at 15.  

3.7 Desorption 
In the following figures the first desorption, second adsorption and second desorption is shown as 

how many percent is adsorbed or desorbed of the initial concentration. All samples were initially 

yellow before adsorption, became uncoloured after adsorption and then yellow again after 

desorption.  

 

Figure 11: Desorption of Cr from different samples where adsorption had first taken place in Diagram: 5. 

 

Figure 12: Adsorption of Cr on the samples where adsorption and desorption had already taken place. 
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Figure 13: Desorption of Cr from the samples where adsorption, desorption and a second adsorption had already taken 
place. 

4. Discussion  

4.1 Loss on ignition (LOI) 
During the LOI test, an average decrease of 2.53 % of the total mass was obtained after heating the 
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4.3 Leaching of chromium  

To investigate if any Cr is leached from the material itself a leaching test was performed which 

indicated that no leaching occurred at acidic, neutral or alkaline conditions. This was performed with 

1 g of mill scale to a volume of 10 ml liquid phase which will have raised the pH values in the 

solutions and might have affected the leaching. At large-scale adsorptions where not as much 

material will be used per litre of water, the pH will not be altered significantly. If the optimal 

condition for adsorption of chromium is maintained in a system this will not be a problem as any 

leached chromium will be adsorbed to the material.  

4.4 Adsorption  

4.4.1 Heating optimization 

For MS 550 no difference could be noticed when comparing the weight loss after heating at 30 

minutes and four hours (table 6). This indicates that the material can be heated for a shorter time 

than four hours at this temperature to remove all organic matter. When heating the mill scale at 200 

°C (MS 200), 90 minutes is needed to reach optimal removal of organic matter. This procedure takes 

more time but less energy is needed. For MS 200 less organic matter is removed as for MS 550. For 

MS 550 for four hours a loss of 8.18 % can be seen in table 5 and for MS 200 for four hours a loss of 

6.42 % is noticed. If this remaining part of organic matter is enough to contaminate any water which 

is to be cleaned is questionable. The remaining part is probably bound hard enough to the material 

to not become an issue. This was a small-scale test performed with weights at approximately 5 g per 

sample. If the temperature and time is enough to give the same results in a more extensive test is 

questionable. With a larger sample, it will take more time for all of it to reach the wanted 

temperature, which could increase the time needed. According to Heiri et al., (2001) heating to 550 
oC for at least four hours is required to remove all organics. This is not the case for the mill scale at an 

amount of 5 g which needs only 30 minutes.  

4.4.2 Chromium solutions at different pH  

The first adsorption tests performed with Cr(VI)-solutions with a preset pH all showed no decrease of 

chromium in the solution as seen in figure 1, 2 and 3. This was due to an increase of pH caused by 

addition of mill scales to the Cr-solutions. One observation was that the concentrations in some of 

the adsorption samples had a higher chromium concentration than the blanks. As no leaching of 

chromium from the material could be detected in the leaching test, this might be due to 

heterogenious samples containing varying amounts of dissolved chromium. A negative adsorption 

value indicates either a release of chromium or a range of experimental errors. In this case 

experimental errors are more likely to cause the negative adsorption. According to Adegoke et al., 

(2014) the optimal pH for adsorption of chromium is around 2-3 and no adsorption will occur if the 

pH is above the point of zero charge according to Cornell and Schwertmann, (2003) which is the case 

in these tests.   

4.4.3 Buffering of pH for optimal adsorption 

As the pH was increased by addition of mill scale, acidification had to be performed to ensure a 

stable pH under 6 and for any adsorption to occur (figure 4). As the pH dropped rapidly when adding 

concentrated H2SO4 and then slowly increased after a period of time this indicated that the iron 

oxide in the mill scale would dissolve and release iron in the solution where Fe2O3 + 3H2SO4  

Fe2(SO4)3 + 3H2O. The pH would then stabilize when no more iron dissolved. This means a decrease of 
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iron oxides in the mill scale which is a decrease in surface area that chromium can adsorb to. As there 

will be another layer of iron oxides beneath the one dissolved an extensive solubilisation will most 

likely be needed to affect the adsorption capacity. The adsorption test shown in figure 4 indicates 

that with a stabilized pH below 6 adsorption of chromium occurs on the mill scale. The results also 

indicate that a higher adsorption capacity is achieved by the 550°C sample that was stirred for 12 

hours compared to the Raw sample that was stirred for 1.5 hours. This shows that more time than 

1.5 hours is needed to reach optimal adsorption.  

 

With a pH stabilized below 6 all samples showed good adsorption properties of chromium. The 

adsorption performance test shown in figure 5 with 550°C C samples at different amounts showed 

that 0.25 g mill scale per 10 ml 69 ppm Cr-solution was sufficient to remove all chromium. This 

correlates to the previously discussed results found by Cornell and Schwertmann, (2003). 

4.4.4 Adsorption optimization 

The first analysis showed that 0.25 g of material is capable of adsorbing more chromium than 0.1 g as 

expected (figure 6). This was the case for all samples except the R sample which had a higher 

adsorption capacity with a lower amount of mill scale. This must be due to an error in the 

preparation or dilution of the sample as such a large heterogeneity is not expected. The treatment 

showing the highest adsorption at this test was the R sample. This was the sample where a higher 

adsorption capacity was obtained by a lower amount of mill scale. This cannot be accurate as the 

samples were treated identically. If ignoring this sample, the Raw sample had the highest adsorption. 

The best adsorption obtained for the heated samples were for 550°C RC. This shows that a rapid 

cooling of the heated material does increase the surface area and that this increases the adsorption 

capacity, thus the amount of sorption sites which correlates to the results found by Cao et al., (2012) 

and described by Cornell and Schwertmann, (2003). The results from the second test indicates that 

the 550°C RC sample had the best adsorption for the heated samples and the Raw sample for the 

unheated (figure 7). The distribution of data between the replicates of the samples was as large as 

over 30 % units for sample Raw and 550°C U. This was probably due to heterogeneous samples and 

in this case they were acidified with such a small volume at 5.8 µl that the margin of error for the 

amount of acid added, by pipette with +/-3 to 1% accuracy, is so high that this could contribute to 

the differences between the replicates. The third adsorption optimization test shown in figure 8 

indicated that the 200°C RC sample had the best adsorption at 86 % and the capability of adsorbing 

1.11 mMol chromate ions per 1 g. The Raw sample at 82 % adsorption also showed good capacity. 

Both the 550°C RC and 550°C samples showed approximately the same adsorption at 70 % which is 

strange as the rapidly cooled samples have shown better adsorptions earlier. The 550°C C, 200°C and 

200°C 90 samples were capable of adsorbing between 40 % and 50 %. The 950°C sample showed no 

adsorption which is most likely due to sintering of the iron oxides in the material which reduces the 

surface area of the crystals. Here a larger volume of acid was added with less margin of error which 

resulted in a slightly smaller difference of concentration between the replicates. There is still a high 

distribution of the replicate values which must be caused by the heterogeneity of the material.  

4.4.5 Adsorption of chromium from contaminated water 

The contaminated water had a much lower concentration of chromium at approximately 3 ppm. The 

550°C RC sample managed to adsorb all chromium with 0.1 g of material (figure 9). This shows that 

adsorption is working in a sample where other trace metals and organic compounds are present 

which is not the case with prepared Cr-solutions made of de-ionized water and Na2CrO4.  
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The composition of the contaminated water (table 8) shows element concentrations in samples 

before and after adsorption. The sample where adsorption has taken place an extensive amount of 

iron at 350 ppm has been released to the solution. This is as previously discussed due to dissolution 

of iron when the sample is acidified to a pH below 2.5 before stabilizing at between 5 and 6. The mill 

scale which removed the chromium from the solution released nickel at 30,000 ppb, 5,000 ppb of 

manganese, it almost doubled the calcium concentration to 63,000 ppb and also released a small 

amount of aluminium at 2000 ppb. As the mill scale is used to adsorb chromium other metals are 

leached into the solution which could cause a problem if the elements released are not wanted in the 

water sample. 

4.5 Data distribution 
The 15 550°C RC samples which were analysed after adsorption showed a wide range of adsorption 

capacities of chromium from as low as 50 % to 85 %, shown in figure 10. As these samples were 

acidified with 1 % sulphuric acid at a higher volume, the same as for the third adsorption 

optimization test, the distribution was not expected to be as high. The cause must be the 

heterogeneity of the material between the samples. The mill scale used for all tests was moderately 

stirred with a large spoon before any sample uptake which apparently gives a large variation of the 

capacity of the products. With an average adsorption of 68.19 % and a standard deviation of 10.27, 

the margin of error for the sample mean is plus/minus 5.20 (figure 10).  

4.6 Desorption 
The desorption samples, where chromium had been adsorbed (figure 5), are seen in figure 11. Here 

chromium was able to desorb from the mill scale at an amount as high as 35 % for the Raw sample 

when increasing the pH. When trying to adsorb chromium to the same material it showed nearly 

complete adsorption again (figure 12). During the following desorption test the amount of chromium 

released the solution was lower in all samples than after the first desorption (figure 13). For the Raw 

sample desorption had dropped to 13 %. This means that the material can be reused for adsorption 

several times with an indication of a slight decrease in capacity after the first adsorption and 

desorption cycles. This desorption test also showed that it is actually adsorption that is taking place 

in the experiments and not reduction as the adsorbed hexavalent chromium would desorb and give 

the liquid phase a visible yellow colour again.  

  



26 
 

5. Conclusion 
Hexavalent chromium anions are able to adsorb to the mill scale if the pH is stable below 6 and the 

material can be reused after desorption. Pre-treatment is not necessary to achieve a good adsorption 

capacity as the raw sample reached adsorptions of 82 % while the 200°C RC had an adsorption of 86 

%. The chemical pre-treatment methods showed no increased removal of organic matter from the 

material. The mill scale which was heated to 200 °C and then rapidly cooled showed the highest 

adsorption of all differently pre-treated samples at a capacity for chromate ions of 5.36 µg/g and 

1.11 mMol/g. Heating at 200 °C for at least 90 minutes and rapid cooling is the best method of 

activation achieved as this would give the highest surface area of the mill scale. If all of the organic 

compounds must be removed from the material the method of heating at 550 °C for at least 30 

minutes is the best alternative for removal of Cr(VI) from water at a capacity of 4.38 µg/g and 1.07 

mMol/g.   
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