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Abstract 

Many storm water gullies located in urban and industrialized areas are a source to 
spreading of environmental unfriendly substances such as heavy metals. An easy 
method to negate the spread of the contaminants is to use filter materials in the gullies 
in order to adsorb them. In this study, four different cheap materials; bark of pine – 
untreated and treated with algae, sawdust of pine and Absol (Sand, lime, cement and 
water) were tested with regards to adsorption of the heavy metals Zn, Cu, Pb, Ni and 
Cd. Freundlich and Langmuir isotherms were conducted, as well as kinetic models of 
First and pseudo second order. All materials shows sorption of 65-90% of the metals 
at lower concentrations (0.2-2 mg/l).  Absol had the greatest capacity for all metals, 
followed by natural pine bark>treated pine bark>sawdust. The majority of the sorption 
processes are following the Langmuir isotherm and the pseudo second order rate 
equation. X-ray photoelectron spectroscopy-analysis of Absol show metals bound to 
carboxy and carboxylic groups at the surface, while the same analysis on sawdust did 
not show any signs of sorption. This study shows that all materials are suited for 
reduction of heavy metals from storm water.  
 
To further review the materials and their ability to hold the metals, desorption 
experiments should be conducted as well as properly designed housings for the drains.  
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1. Introduction 

1.1 Background 
Storm water runoff from paved and heavily trafficked areas such as roads and parking lots in urban and 
industrial areas and has been acknowledged as a major non-point source of heavy metals and organic 
pollutants to the environment. The impermeable surface of pavement and asphalt allows for nearly 
100% runoff to the drainage system 1 -3. Tire rubber contains zinc, cadmium, chromium and nickel. 
Brake pads contains copper, zinc, cadmium and lead. Wear and tear of these together with corrosion of 
galvanized parts will release the heavy metals, which will, during rainfall events, travel with the storm 
water runoff and be discharged into the receiving waters 4,5. Analysis of road, highway and parking lot 
runoff have shown elevated concentrations of copper, cadmium, lead, zinc, manganese and iron1 ,3, 6-8. 

Due to heavy metals toxicity and ability to bioaccumulate in humans, animals and plants, it is of great 
importance to reduce the anthropogenic sources of these 5, 9,1 0. 
 
LKAB mining company has a large iron ore mining facility in Svappavaara. At the facility, LKAB is 
conducting ore processing and iron pellet manufacturing. In this site, cars and heavier industrial 
vehicles such as trucks and wheel loaders are used. Today, no type of filtration or mechanism to reduce 
the heavy metal concentration in the storm water is being used and there has been a concern raised 
about the possible high concentrations of metals in the storm water originating from the area.  
 

1.2 Aim 
The overall aim of this thesis is to evaluate different materials to be used as sorbents in the storm water 
gullies on the parking lot, both in laboratory scale and on field, with respect to heavy metal adsorption 
efficiency and life time. 

Specific objectives  

(i) Determine the metal adsorption capacity of the different materials through batch 

experiments 

(ii) Investigate the sorption mechanisms of the heavy metals to the substrate materials using X-

ray Photoelectron Spectroscopy 

(iii) Determine the appropriate isotherm for each metal and sorbent 

(iv) Investigate the adsorption kinetics of the metals and sorbents  

 

1.3 Sorbent materials and sorption mechanisms  
Recently, a variety of filter materials have been developed and tested for heavy metal and organic 
pollutant reduction in storm water runoff. Among evaluated materials includes activated carbon, 
vermiculate, zeolite, pine bark, furnace slag, peat moss, compost and sea weed. Reduction mechanisms 
include filtration of solid particles, adsorption, precipitation, ion-exchange and surface complexation 17-

20. Important parameters to consider when choosing filter material for this purpose are that they 
originate from natural renewable resources or industry waste products to minimize the production 
impact on the environment, cost, life-time and efficiency. Many of the materials tested have shown 
good reduction capacities in the laboratory scales with few or single metal systems, but knowledge 
about how the materials reduction capacities in field with cold climate, realistic conditions and multi-
metal systems is lacking. Studies have shown that a large fraction of the heavy metals in storm water 
runoff is adsorbed to suspended solid particles. Particle bond metals will not adsorb on the filter 
material and will be an important parameter when designing metal reduction filter systems.  Pine bark 
have high metal reduction capacity in lab experiments, but very low reduction in field, possible due to 
filter insertion design or to environmental conditions 21 , 22. A sorbents life-time can be defined as the 
time the ability to effectively reduce contaminants in the incoming storm water runoff until saturation 
of one of the contaminants is achieved in the sorbent. In order to prolong the life-time, determination 
of the runoff contaminants concentrations is important to be able to use sorbents effective for the 
pollutants with higher concentrations.  
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Heavy metals bond to the substrate through ion exchange mechanisms could be released when other, 
less harmful, metals present in the storm water runoff replaces them. The mechanism itself also 
proposes that in order for heavy metals to be retained, other ions will be released, which also could 
have an environmental impact 22. Sorbents can exhibit different sorption mechanisms during different 
conditions. Adsorption of metals to peat is due to both ion exchange and surface complexation and the 
dominating mechanism depends on pH, ionic strength and metal concentration. Various sorption 
mechanisms exhibits different binding strengths and under certain condition, leaching of the metals 
from the sorbents can occur17. Knowledge of the metal removal mechanisms will lead to a better 
understanding of how the sorbents will operate in field under realistic conditions.  
 

1.5 Methods 
Using batch experiments, the materials can be tested in order to evaluate reduction capacity  by 
applying isotherm and kinetic models, from which the materials life time and efficiency can be 
determined. The experiments are carried out by shaking a known amount sorbent and metal solution 
and analyzing the metal concentrations at equilibrium and at various time intervals 1 1 -1 2. 
 
To test the efficiency of the filters in field, the materials will be installed in the storm water gullies in 
the industrial area. Analysis of the upstream and filtered storm water will give results on how they 
perform and how much of the metal content is bond to particulate matter. The metal concentrations in 
samples was determined by analysis with inductively coupled plasma optical emission spectrometry. 
The availability and the sorption mechanisms of the metals are strongly dependent by their speciation 
in the storm water, as well as the speciation of the substrate.  To evaluate the characteristics of the 
metal-substrate system  in order for better understanding of the adsorption mechanisms, modeling of 
the metal and substrate speciations will be carried out using equilibrium calculations. Using X-ray 
photoelectron spectroscopy, the sorption mechanisms and the material compositions can be studied in 
more detail by analyzing the changes on the surface before and after adsorption22,23. 
 

1.5.1 Materials 

In this study, four natural materials were selected for sorption capacity investigation;   
 
Absol® – Absol, produced commercially by Yxhult Miljö AB, is a porous granulate made by a mix of 
Sand, lime, cement and water. The main chemical compositions are SiO2 (61%), CaO (26%), Al2O3 
(1.5%) and Fe2O3 (0.5%). 
 
Sawdust of pine (Pinus sylvestris) 
 
Bark of pine 
 
Bark of pine, surface modified with algae which originally was designed to increase sorption of oil. 

1.6 Sorption Isotherms 
Sorption isotherm is a function to describe the transfer and retention of molecules at various 
concentrations from a mobile to a solid phase at constant temperature and gives very useful models to 
predict the mobility of molecules in the environment. Sorption isotherms can be used in order to 
determine the efficiency of an adsorbents ability to retain the adsorbate24. In this work, two widely used 
isotherms have been applied; The Langmuir and Freundlich isotherms.  

1.6.1 Langmuir Isotherm 

The Langmuir isotherm model is based on the theoretical assumptions that available sorption sites are 
identical, energetically homogeneous and can only retain one molecule of the substance 24- 26. The 
sorbent is assumed to have a maximum sorption capacity and the adsorbed molecules forms a 
monolayer on the sorbent surface. The Langmuir equation (eq 1): 
 

𝑄𝑒 = 𝑄𝑚𝑎𝑥  
𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                        (1) 
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Where Qe is the fraction of the mass adsorbate to the mass adsorbent (mg/g) , Qmax is the maximum 
adsorption capacity for the monolayer (mg/g), Ce is the adsorbate concentration remaining in the 
mobile phase at equilibrium (mg/L) and KL is the Langmuir equilibrium constant (L/mg). The 
Langmuir constant describes the relationship between adsorption and desorption of molecules on the 
surface and is related to the affinity of the adsorbent to the sorbent. It depends on the slope, and high 
KL indicates high sorption at lower concentrations. When linearized (eq 2), the adsorption parameters 
can be determined. 
 

𝐶𝑒

𝑄𝑒𝑄𝑒
=

1

𝐾𝐿𝑄𝑚𝑎𝑥
+  

1

𝑄𝑚𝑎𝑥
𝐶𝑒              (2) 

 
A plot with Ce/Qe versus Ce generates a graph with a slope of 1/QMax and an intercept of 1/KLQmax. 
 

 

1.6.2 Freundlich Isotherm 

The Freundlich isotherm is an empirical model to describe adsorption24-26.  This isotherm lacks the 
restrictions of the Langmuir model and thus is more appropriate for heterogeneous surfaces and gives 
the relationship between the amount of adsorbed compound per adsorbent and the equilibrium 
concentration. The Freundlich equation (eq 3):  
  

  
𝑥

𝑚
= 𝐾𝐹𝐶𝑒

1

𝑛         (3) 

 
Where x is the mass of the adsorbate (mg), m is the mass of the adsorbent (mg) and Ce is the adsorbate 
equilibrium concentration.  KF (mg/g) and n are constants, where KF is related to adsorption strength 
and capacity, and 1/n is related to the isotherm linearity, and higher 1/n values indicates more 
favorable adsorption (1/n closer to 1.0 indicates linearity). The n constant is determined from the slope, 
and a value between 0.1 and 1 indicates better sorption at lower concentration, hence more favorable 
adsorption. When linearized (eq 4), the constants can be determined from the slope and the intercept 

by plotting log 
𝑥

𝑚
  versus log C. 

 

log 
𝑥

𝑚
 = 

1

𝑛
 log Ce + logKF        (4) 

 

Kinetics  
Determination of the adsorption rate is an important factor to understand the processes in the system.   
It is also important to understand the adsorption rates in order to properly design solutions for 
pollutant removal by sorption. The most widely applied rate equations in adsorption studies are the 
Lagergren pseudo-first order (eq 5 & 6) and the pseudo-second order (eq 3 & 4)25,27 . 
  
 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘𝑠1(𝑞1 − 𝑞𝑡)   

                                       (5) 
The Lagergren equation can be linearized as in equation 6 
 

  log(𝑞1 − 𝑞𝑡) = log (𝑞1) −
𝑘𝑠1

2.303
𝑡                                    (6) 

 
Where ks1 (mg/g min-1) is the rate constant, q1 (mg/g) is the amount of sorbed metals at equilibrium and 
qt (mg/g) is the amount of metals sorbed at time t (min). The rate constant and the equilibrium load can 
be calculated from the slope and intercept by plotting log(𝑞1 − 𝑞𝑡)vs t. 
The equation for pseudo second order (eq 7): 
 

  
𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡) 2                                  (7) 
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Linearized, the pseudo second order rate equation is expressed as (equation 8): 
 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                      (8) 

 
By plotting t/qt against the time, the constants can be determined.  
 

Coefficient of correlation  
When using linear models, such as the isotherms and rate expressions in this work, the coefficient of 
correlation (R2) is used to determine how well the data fits the model. R2 (equation 9 28), is unitless 
between 0 – 1 and can be defined as the ratio of the variation in the data that can be predicted by the 
model and the total variation29, 30. Higher R2 indicates a better fit for data to the model.  
 

                                                          𝑅2 = (
∑(𝑥−𝑥)(𝑦−𝑦)

√∑(𝑥−𝑥) 2 ∑(𝑦−𝑦) 2
)

2

     (9) 

 
Ionic properties 
Previous studies have examined the role of the ionic properties of the metals with regards to sorption 31. 
While they are not tested on the same materials used in this study, their findings might help to 
understand the processes of adsorption.  Below is listed properties that might have influence on the 
metal affinity for the sorbent. Table 1 shows the properties of the metal ions used in this study. 
 
Ionic radius – larger ions leads to higher sorption due to lower hydration and dispersed charge 31. 
Electronegativity – Higher electronegativity leads to stronger bonds with functional groups containing 
oxygen 32. 
Hydration radius – The smaller the hydration radius, the greater the adsorption. This due to the 
smaller sized hydrated metals being able to diffuse easier into porous substrates, locating available sites 
32. 
 
Table 1. Ionic properties of the metals 
 

Metal ion Ionic radius (pm)33,34 Hydration radius (Å)34,31 Electronegativity (Pauling)  34 

Cu2+ 0.73 4.19 2 

Ni2+  0.7 4.04 1.91 

Zn2+ 0.75 4.3 1 

Cd2+ 0.97 4.26 1.69 

Pb2+ 1.19 4.01 2.33 
 
 
 

2. Popular scientific summary including social and ethical 
aspects 

2.1 Popular scientific summary 
A large part of cities and industrial areas are covered with hard surfaces such as asphalt and concrete. 
When it rains, the water is lead to a drain and usually ends up in nearby waters such as streams, rivers 
and lakes. On the way, the water is taking up soluble pollutants such as heavy metals which is 
poisonous to both humans and animals.  
 
One method of removing the metals from the water is by using filters inside the drains which can 
adsorb the metals. The filters should ideally be cheap natural materials. In this work, four different 
materials have been investigated for heavy metal adsorption; Sawdust, Absol (commercial product), 
pine bark and a modified version of pine bark with algae.  
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The efficiency of the materials metal adsorption can be calculated with the help of so called sorption 
isotherms, which describes the relationship between the adsorbate (metals) and the sorbent (filter). In 
order to determine how fast the metals are removed, kinetic models are used. By analyzing what is 
present on the surface of the filters before and after adsorption of metals, one can get an insight of what 
is going on during the process. The different materials were also tested in field on a large mining facility 
in Svappavaara by inserting them into the drains.  
 
Results show that all materials are able to adsorb heavy metals from water in a laboratory scale. At 
lower concentrations, almost all metals are removed. The best material for metal adsorption was found 
to be Absol, while the least best was sawdust. The surface analysis did show metals chemically bound to 
Absol, but did not give any results for sawdust. The kinetic experiments showed that metals are being 
adsorbed at rates which should be high enough for real world application, while the field study did not 
show any significant difference between the filtered water and the unfiltered, due to the chosen analysis 
method not being able to quantify concentrations that low.  

2.2 Social and ethical aspects 
In order for researchers to develop methods and techniques for a more environmental friendly society, 
usage of synthetic pollutants is often necessary. Caution must be taken to keep the environmental 
impact to minimum when conducting the experiments, especially in field if such is needed, and to 
dispose the contaminated materials accordingly.  
 
The majority of the experiments were conducted in a controlled laboratory environment. All heavy 
metal solutions and heavy metal contaminated materials used in the experiments were collected and 
disposed according to regulations. All materials used in the field study was collected and brought back 
to the laboratory and environmental impact was negligible.  
 

 

3. Experimental  

3.1 Batch sorption experiments 
 
Heavy metal solutions were prepared by dissolving salts of Ni(NO3)2, Zn(NO3)2, Cu(NO3)2, Pb(NO3)2 
and Cd(NO3)2 in deionized water. The concentrations of the single metal solutions were 0.2 mg/l, 2 
mg/l, 20 mg/l, 100 mg/l and 200 mg/l. The concentrations of the multi metal solutions were 0.04 
mg/l, 0.4 mg/l, 4 mg/l, 20 mg/l and 40 mg/l for each metal.  
 
50 ml of each solution was mixed with 0.2 g of respective sorption material in falcon tubes and placed 
in an auto-shaker. After shaking for 24 hours, 10 ml of each solution was filtered through a 0.45 µm 
membrane and acidified with concentrated nitric acid. The metal concentrations were determined by 
ICP-OES analysis. Metal speciation was modelled using WinSGW (www.Winsgw.se). 

3.2 Kinetic sorption experiments 
 
Multi metal solutions of 100 mg/l for each metal were mixed with 0.2 g of respective sorption material. 
After intervals of 10 s, 2 min, 10 min, 1 hour, 3 hours and 24 hours, a sample was extracted, acidified 
and analyzed for metal concentrations. 

3.3 Field Study 
 
The filter materials was tested in field in order to evaluate their practical applications. The materials 
was inserted in sewage drains at a mining compound in Svappavaara and a total of 4 drains were 
equipped. In order to investigate the upstream metal concentration from the area, storm water was 
sampled from nearby drains without any filters installed. After 10 days, the drains were sampled again 
and analyzed by ICP-OES for metal concentration. The blank-samples were also filtered through 0.45 
μm syringe filter in order to evaluate fraction bound to particles.  
 

http://www.winsgw.se/
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3.4 X-ray photoelectron spectroscopy-analysis 
XPS-analysis was performed using a Kratos Axis Ultra DLD electron spectrometer. The spectra were 
obtained with a monochromatic Al source at 150 W and charge neutralizer. Wide spectra were recorded 
with a pass energy of 160 eV, and 20 eV for higher resolution spectra of individual elements.  
 
  

4. Results and Discussion 

4.1 Speciation 
At pH 5.5, the metals have the speciation of Cu2+, Ni2+, Zn2+, Cd2+ and Pb2+. 

4.2 Absol 
Table 4 and 5 shows the percentage adsorbed of each metal onto Absol for single and multi-metal 
system. Both systems are showing the same trend with increasing adsorption percentage with lower 
concentration.  Up to 100 mg/l, Absol is able to adsorb >98% of all heavy metals in the single metal 
solutions except for copper (73% at 20mg/l l) and zinc (93% at 100 mg/l). In the single metal systems, 
the adsorption of copper, nickel, zinc and cadmium is leveling off at 200 mg/l, showing a decrease of 
the adsorption due to saturation. In the multi metal system, the adsorption is leveling off at 200 mg/l 
for copper and lead and at 100 mg/l for nickel, zinc and cadmium. Lead is adsorbing very well, and 
Absol is able to adsorb >98% of all concentrations of the lead in the single-metal system and >70% in 
the multi-metal system.  
 
The total amount of adsorbed metals is roughly the same in the multi metal solution as in the single 
metal solutions up to 20 mg/l, indicating competition for the same type of sites. At 200 mg/l, the mass 
of lead adsorbed from the single metal solution is more than twice (9.9 mg) the total mass of all metals 
adsorbed from the multi metal (4.0 mg), despite having the same total metal concentrations. This 
indicates competition for sites among copper, nickel, zinc and cadmium but lead is able to bind to other 
types of sites. 
  
Table 4. Percentage of adsorbed metals on Absol, single-metal system.  

Concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 61 68 29 50 100 

100 99 100 93 99 100 

20 73 100 100 100 98 

2 100 100 99 100 100 

0.2 99 99 98 100 100 
 
Table 5. Percentage of adsorbed metals on Absol, multi-metal system. 

Total Concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 73 11 19 18 71 

100 96 29 48 34 95 

20 100 76 100 99 99 

2 99 97 98 94 96 

0.2 99 93 100 89 98 

 
 
The Langmuir and Freundlich regression parameters for the single metal system and multi metal 
system are shown in table 6-7. The maximum adsorption capacity, Qmax (Langmuir parameter), is 
higher for the individual metals in the single metal solutions compared to the multi metal system due 
to competitive adsorption. Overall, the single metal systems have lower correlation than the multi 
metal for the Langmuir model. It would be expected for the single metals to have better correlation in 
the Langmuir model due to the isotherms qualifications. However, as it appears, the single types of ions 
in the solutions have different sorption sites. 
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Lead in the single metal system has very low correlation, which can be denoted to faulty measurements. 
In the single metal system, Absol has the highest capacity for copper and nickel at 31 mg/g adsorbate, 
followed by cadmium and zinc at 21 mg/g and 12.5 mg/g respectively.  In the multi metal system, the 
highest capacity is for lead at 8.1 mg/g, followed by copper at 7.2 mg/g. Nickel, cadmium and zinc has 
lower capacities at 1.1 mg/l, 2.6 mg/l and 1.9 mg/l. The Langmuir constant K is highest for the metals 
with higher capacity and correlation, indicating better affinity.  
 
The Freundlich isotherm shows overall slightly better correlation for the multi metal system than the 
single metal system, possible due to being better suited for heterogeneous environments. All values of 
1/n in the single metal and the multi metal system are between 0.1 and 1, indicating favorable 
adsorption. The Freundlich constant Kf  should ideally be comparable with the Qmax values in a sense of 
order of magnitude if both isotherms are applicable, e.g. a high Qmax  should yield a high KF. In this case, 
this is not always true probably due to the low correlation of the Freundlich isotherm.  
 
Table 6. Langmuir regression parameters for Absol 

 Single metal Multi metal 

Metal R2 Qmax (mg/g)  KL (L/mg) R2 Qmax (mg/g) KL (L/mg) 

Copper 0.7 31 0.1 1.0 7 3.5 

Nickel 0.9 3 0.3 1.0 1 5.1 

Cadmium 0.8 21 0.2 1.0 3 0.7 

Zinc 0.8 13 0.1 1.0 2 3.0 

Lead 0.0 46 1.0 1.0 8 1.3 

 
Table 7. Freundlich regression parameters for Absol 
 

 Single metal Multi metal 

Metal R2 KF (mg/g) 1/n R2 KF (mg/g) 1/n 

Copper 0.9 2.6 0.5 0.8 3.4 0.6 

Nickel 0.6 6.1 0.4 0.9 3.7 0.5 

Zinc 0.6 2.2 0.4 0.9 9.3 0.4 

Cadmium 0.8 4.6 0.4 0.6 5.9 0.5 

Lead 0.4 3.9 0.9 0.9 2.8 0.7 

 
 

4.3 Sawdust 
 
Table 8 and 9 shows the percentage adsorbed of each metal onto sawdust for single and multi-metal 
system. At lower concentrations, both systems are able to adsorb the bulk of the metals, whereas the 
multi metal systems have slightly higher adsorption due to multiple adsorption mechanisms. The 
percentage of sorption is decreasing heavily for most metals already at concentration of 2 mg/l. The 
total mass of adsorbed metals is same or higher in the multi-metal system, indicating various 
mechanisms of adsorption for the metals, and the single metal systems are competing for the same 
sites. 
 
Table 8. Percentage of adsorbed metals on sawdust, single-metal system. 
Concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 5 3 2 3 2 

100 10 5 4 5 3 

20 40 15 16 31 72 

2 81 60 66 74 98 

0,2 92 76 77 89 98 
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Table 9. Percentage of adsorbed metals on sawdust, multi-metal system. 
Total Concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 6 3 3 4 14 

100 13 4 6 6 28 

20 51 13 15 40 76 

2 85 53 65 19 96 

0.2 85 15 44 81 100 

 
 
The Langmuir and Freundlich regression parameters are shown in table 10 and 11.  The correlation of 
fit is overall better and close to 1 in the Langmuir model for both systems compared to the Freundlich 
model. The adsorption capacity is slightly higher for the single metal systems compared to the multi 
metal, except lead, due to competitive adsorption. Highest capacity for sawdust is copper at 2.36 mg/g 
for a single metal solution and Cadmium at 0.61 mg/g in a multi metal solution.  Lead has the lowest 
capacity in the single metal system, and the highest in the multi metal (0.75 mg/g for single metal and 
1.52 mg/g for multi metal). The Langmuir constant is notably larger for lead in the multi metal system 
compared to the other metals, but copper has an even higher value (11.86 L/mg compared to 2.78 
L/mg), despite having lower capacity. This could be due to limited amount of available sites for copper. 
The KF values are not quite following the trend in magnitude for capacity, but this could be explained 
by the lower correlation of the Freundlich isotherm. All 1/n values are between 0.1 and 1, indicating 
favorable adsorption. 
 
Table 10. Langmuir regression parameters for sawdust. 
 

  Single metal Multi metal 

Metal R2 Qmax (mg/g) KL (L/mg) R2 Qmax (mg/g) KL (L/mg) 

Copper 1.0 2.4 0.8 1.0 0.6 11.9 

Nickel 1.0 1.3 0.2 1.0 0.3 0.3 

Cadmium 1.0 0.8 0.9 1.0 0.6 0.2 

Zink 1.0 1.3 7.4 1.0 0.3 0.5 

Lead 1.0 0.8 0.6 1.0 1.5 2.8 

 
 
 
 
Table 11. Freundlich regression parameters for sawdust 

  Single metal   Multi metal   

Metal R2 KF  (mg/g) 1/n R2 KF (mg/g) 1/n 

Copper 0.9 0.4 0.4 0.9 0.2 0.5 

Nickel 0.9 0.2 0.4 0.8 0.04 0.6 

Zinc 0.9 0.2 0.4 0.9 0.07 0.5 

Cadmium 0.9 0.3 0.4 0.9 0.09 0.5 

Lead 0.5 0.5 0.2 1.0 0.5 0.4 

 

4.4 Pine bark 
 
Table 12 and 13 shows the percentage adsorbed of each metal onto pine bark for single and multi-metal 
system. All metals (88-99%) are being sorbed to pine bark at lower concentrations. Lead is adsorbing 
particularly well and does not decrease until a concentration of 100 mg/l is reached. For copper, nickel, 
zinc and cadmium, a concentration of 2 mg/l and above is enough for the sorbate to start saturating for 
both the single and multi-metal system. The total mass metals sorbed is roughly the same up to 20 mg 
metals/l, where the mass of lead is significantly larger for both systems, indicating higher affinity.  
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Table 12. Percentage of adsorbed metals on pine bark, single-metal system. 
Concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 13 11 11 9 47 

100 28 26 23 18 98 

20 77 56 59 76 98 

2 88 90 91 97 99 

0.2 97 94 93 98 99 

 
 
Table 13. Percentage of adsorbed metals on pine bark, multi-metal system. 
Total concentration (mg/l) Cu (%) Ni (%) Zn (%) Cd (%) Pb (%) 

200 24 7 9 15 53 

100 49 15 14 31 81 

20 78 61 59 46 97 

2 90 90 88 87 100 

0.2 89 90 67 68 89 

 
 
The Langmuir and Freundlich regression parameters are shown in table 14 and 15. The correlation is 
significantly higher for all metals for the Langmuir isotherm than for the Freundlich, in both the multi-
metal and the single-metal systems. The R2 -values for the single-metals are between 0-99-1.0 and for 
the multi-metal systems 0.98-1.0. For the Freundlich isotherm, R2 is ranging from 0.82-0.95 (single-
metal) and 0.77-0.96 (multi-metal). The calculated equilibrium capacity values in the single-metal 
system are similar to the experimental for copper, nickel, zinc and cadmium, whereas lead differs 
significantly. In the multi-metal system, the capacity values are overestimated by a large margin 
compared to the experimental, and could originate from that the batch experiment did not completely 
saturate, although the values indicates such. The Langmuir constant shows greatest affinity for zinc in 
the single metal systems, although it appears when competing with other metals, the constant is 
greatest for nickel, indicating a synergy effect.  
 
The Freundlich constant is notably smaller for the multi-metal system compared to the single-metal, 
which is logical since less amount of metals can be adsorbed due to competition. The KF values are not 
following the same trend in magnitude as the Langmuir capacity, and could be due to the lower 
correlation. All 1/n values are between 0.1 and 1, indicating favorable adsorption.   
 
 
Table 14. Langmuir regression parameters for pine bark. 
  Single metal   Multi metal   

Metal R2 Qmax (mg/g) KL (L/mg) R2 Qmax (mg/g) KL (L/mg) 

Copper 1.0 2.4 0.8 1.0 2.4 0.8 

Nickel 1.0 1.3 0.2 1.0 0.7 4.7 

Cadmium 1.0 0.8 0.9 1.0 2.2 0.3 

Zink 1.0 1.3 7.4 1.0 0.9 0.7 

Lead 1.0 0.8 0.6 1.0 6.0 0.8 
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Table 15. Freundlich regression parameters for pine bark. 

  Single metal Multi metal 

Metal R2 KF (mg/g) 1/n R2 KF (mg/g) 1/n 

Copper 0,9 0.8 0,5 1.0 0.5 0.6 

Nickel 1 0.7 0,5 0.9 0.2 0.5 

Zinc 0,9 0.7 0,5 0.8 0.2 0.5 

Cadmium 0,9 0.9 0,4 0.9 0.3 0.6 

Lead 0,8 1.5 0,4 0.8 1.5 0.6 

 

4.5 Treated Pine bark 
Table 16 and 17 shows the percentage adsorbed of each metal onto treated pine bark for single and 
multi-metal system. The treated pine have similar equilibrium capacities as its untreated variant, but 
on average slightly less at all concentrations and metals. A likely incident of analytical errors due to 
unexplainable results for lead, 100 mg/l single-metal and nickel, 0.2 mg/l multi-metal. Highest 
adsorption is achieved for lead for both systems, which the pine bark is able to adsorb 4.9 mg and 1.1 
mg for the single and multi-metal system respectively. Totally, the multi-metal system is able to adsorb 
2.2 mg of metals, of which half is lead. The amount of cadmium sorbed is notably higher than the other 
metals in the single-metal system (2.1 mg) compared to the multi-metal system, whereas for copper it 
is the opposite. This indicates that the two metals are competing for the same sites when they are in the 
same solution and that the modified pine bark has higher affinity for copper. 
 
 
Table 16. Percentage of adsorbed metals on treated pine bark, single-metal system. 
Concentration mg/l) Cu(%) Ni(%) Zn(%) Cd(%) Pb(%) 

200 9 4 6 22 49 

100 16 9 3 11 24 

20 56 46 55 76 97 

2 65 81 84 96 98 

0,2 72 85 82 96 96 

 
Table 17. Percentage of adsorbed metals on treated pine bark, multi-metal system. 
Total concentration (mg/l) Cu(%) Ni(%) Zn(%) Cd(%) Pb(%) 

200 21 5 9 11 54 

100 25 10 20 37 76 

20 55 55 65 75 77 

2 73 74 82 64 91 

0,2 57 34 67 72 84 

 
 
The Langmuir and Freundlich regression parameters are shown in table 18 and 19. The correlation is 
on average better for the Langmuir isotherm than the Freundlich for both systems, suggesting a more 
homogeneous sorption. The maximum capacities are overestimated for both the single and multi-metal 
Langmuir isotherms compared to the batch experiments, they are however in the same order of 
magnitude. According the Langmuir constant KL, the treated pine bark has great affinity for nickel in 
the multi-metal system. One would expect this to be reflected in higher capacities, but the sorbent 
shows saturation of nickel at 100 mg/l and it is possible that no available sites for nickel are left. The 
constant 1/n indicates favorable sorption of all metals.  
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Table 18. Langmuir regression parameters for treated pine bark. 

    Single metal   Multi metal 

Metal R2 Qmax (mg/g) K (L/mg) R2 Qmax (mg/g) K (L/mg) 

Copper 1.0 4 0.1 1.0 2.4 0.8 

Nickel 1.0 2 0.2 1.0 0.7 4.7 

Cadmium 0.9 10 0.1 1.0 2.2 0.3 

Zink 1.0 3 0.3 1.0 0.9 0.7 

Lead 0.9 23 0.1 1.0 6.0 0.8 

 
 
 
 
 
Table 19. Freundlich regression parameters for treated pine bark. 
  Single metal Multi metal 

Metal R2 KF (mg/g) 1/n R2 KF(mg/g) 1/n 

Copper 0.9 0.4 0.6 1.0 0.2 0.8 

Nickel 0.9 0.5 0.6 0.7 0.1 0.6 

Zinc 0.9 0.5 0.6 0.9 0.2 0.6 

Cadmium 0.9 0.8 0.5 0.9 0.3 0.7 

Lead 0.8 1.2 0.4 1.0 0.8 0.8 

 
 
 

4.6 Isotherms results summary 
 
Of all sorbents and metals, only Absol (copper, lead and cadmium, single-metal) had a better fit for the 
Freundlich isotherm than the Langmuir. It would be expected that the Freundlich would fit better since 
it is suited for more complex systems and have considerations for multi-layer formation and various 
adsorption sites. This suggests that most of the metals are sorbed in a single layer at identical sites on 
the various sorbets. Other studies with similar materials have also suggested Langmuir as best fit for 
their models 26,36-37 .   
 
In table 20 the metal sorption is listed in order of magnitude sorbed metals from batch experiments 
and in order of theoretical metal adsorption capacity calculated from the Langmuir isotherms. The 
multi metal systems are all following the same trend with lead as the most effective sorbate and nickel 
as the least, with the exception of zinc being the least and nickel the second least for untreated pine 
bark. Lead is the largest of the ions and at the same time have the smallest hydration radius. This 
makes the ions easy to break their solubility in the water to sorb on the surface, and their small 
hydration radius makes them able to enter the smaller cavities in porous sorbents, leading to 
accessibility to more sites.  Lead also possesses the highest electronegativity of the ions, suggesting 
stronger bonds to functional groups. The second most sorbed metal is copper, which also have the 
second highest electronegativity. Copper does however have smaller ionic radii than both zinc and 
cadmium, and second largest hydration radii after cadmium. This suggest that sorption of copper is not 
size depended, but rather depends on the electronegativity. The Cd2+ ion have the second largest ionic 
radius and the third highest electronegativity and despite having the second largest hydration radius is 
able to be sorbed to a greater extent that the smaller hydrated ions. Zinc and nickel are sorbed the least, 
and they have among the smallest of the ionic radii. Nickel have the second smallest hydration radius, 
and zinc the largest, indicating that it is not as important for predicting sorption. Zinc has the lowest 
electronegativity, while nickel second highest. It appears that a combination of the ionic properties to 
some degree can help to explain the adsorption. Including more properties and using multivariate 
analysis would be needed in order to fully predict the sorption.   
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Table 20. Metal adsorption listed in order of magnitude as mg sorbed from batch experiments and 
theoretical capacity from isotherms. 

  

 Single metal systems Multi metal systems 

Absol Pb>Ni>Cu>Cd>Zn Pb>Cu>Cd>Zn>Ni 

Sawdust Cu>Ni≈Cd>Zn>Pb Pb>Cd≈>Cu>Zn>Ni 

Untreated Pine Pb>Cu>Zn≈Ni>Cd Pb>Cu>Cd>Zn>Ni 

Treated Pine Pb>Cd>Cu>Zn>Ni Pb>Cu>Cd>Zn>Ni 

    

  

 Capacity  Single metal system Capacity multi metal system 

Absol Pb>Cu≈Ni>Cd>Zn Pb>Cu>Cd>Zn>Ni 

Sawdust Cu>Ni>Zn>Cd>Pb Pb>Cd≈Cu>Zn≈Ni 

Untreated Pine Cu>Ni>Zn>Cd>Pb Pb>Cu>Cd>Ni>Zn 

Treated Pine Pb>Cd>Cu>Zn>Ni Pb>Cu>Cd>Zn>Ni 
 
 
 

4.7 Summary adsorption capacities 
 
All isotherms are shown in appendix 1.  
 
Table 21 lists the calculated capacities based on the Langmuir isotherms and the pseudo second order. 
Table 22 lists capacities based on Langmuir single metal isotherms. The PSO rate expression also gives 
a value denoted to sorption capacity, but nn all cases the capacities from the PSO are far greater than 
the Langmuir capacities. One reason for this could be that the final sampling at 24 hours is not really at 
equilibrium, leading to exaggeration of the total capacities. The Langmuir capacities agrees more with 
the values from the batch experiments, and as such those will be assumed to be the true values. Absol is 
the greatest sorbent in terms of total sorption and has a total capacity of 21 mg metals per g sorbent for 
a multi metal solution.  
No significant different could be seen between the two versions of pine bark, neither with regards of 
total capacity or the individual metals. The untreated has a total multi metal capacity of 12.8 mg/g and 
the treated 12.3 mg/g.  Sawdust has the least multi metal capacity at 3.3 mg/g. 
 
The single-metal capacities are, as expected, much higher than the corresponding multi metal systems 
due to competitive sorption. Absol has the greatest capacity for all metals among the sorbents, but 
values are misleading due to lower correlation in the isotherm than for the other sorbents. The 
individual capacities are matching the total capacities from the multi metal system and lies between 
12.5 to 46 mg/g. The large difference in the capacities prove that there are some sites that are not 
available to all metals.  The two types of pine bark also have similar values as found with the multi-
metal system, but the variation is larger between the individual metals. The untreated pine bark have 
significantly higher capacities for nickel, zinc and copper compared to the treated. This suggests that 
the untreated pine bark have more available specific sites for these metals, but at the lower 
concentrations used in the multi-metal system the available sites are enough for all metals. The algae 
treatment appears to have decreased and/or occupied available sites for all metals except cadmium, for 
which the capacity is greater. Sawdust has the least capacity for all metals also for the single-metal 
systems.  
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Table 21. Maximum adsorption capacities according to the Langmuir isotherm and the Pseudo 
second order, mg/g, multi-metal system. 

 Zn Pb Cd Ni Cu 

Absol PSO 41.2 109.9 15.2 16.9 74.6 

Absol Langmuir 1.9 8.1 2.6 1.1 7.2 

Sawdust PSO 9.2 10.5 9.5 7.0 4.2 

Sawdust Langmuir 0.3 1.5 0.6 0.3 0.6 

Pine bark PSO 16.4 75.2 124.8 21.1 17.2 

Pine bark Langmuir 6.0 0.9 2.2 0.7 2.4 

Treated pine bark PSO 16.3 85.5 11.5 17.4 43.3 

Treated pine bark Langmuir 1.0 7.4 1.6 0.5 2.2 
 
Table 22. Maximum adsorption capacities according to Langmuir isotherm, mg/g, single-metal 
system. 

 Zn Pb Cd Ni Cu 

Absol 12.5 45.9 20.9 31.1 31.2 

Sawdust 1.25 0.75 0.84 1.32 2.36 

Untreated Pine 4.74 21.69 4.29 5.60 6.39 

Treated Pine 2.9 22.9 10.3 2.0 4.4 

 

 
4.3 Kinetics 
The rate constants, equilibrium loads and correlation coefficients for Lagergren’s first order and 
pseudo second order are calculated from experimental data with various contact times for the metals 
and sorbates. The parameters for Lagergren’s first order and Pseudo second order equation for Absol 
are shown in table 23 and 24.  Parameters for sawdust, treated and untreated pine are listed in 
appendix 8.3. 
 
Table 23. Parameters for Lagergren’s First order, Absol. 
 

 Zn Pb Cd Ni Cu 

R2 1.0 0.7 0.6 0.6 0.7 

Rate constant (1/min) 0.007 0.02 0.003 0.006 0.17 

Capacity (mg/g) 3.2 21.0 1.5 2.4 14.8 

 
Table 24. Parameters for Pseudo Second order, Absol. 
 

 Zn Pb Cd Ni Cu 

R2 1.0 0.7 1.0 1.0 0.8 

Capacity mg/g 41.2 109.9 15.2 16.9 74.6 

Rate constant mg g-1min-1 2.6 1.6 4.3 3.2 1.6 

 
 
The correlation of the data was overall very low for Lagergren’s first order equation. For all metals and 
sorbents, only zinc for Absol, cadmium for pine bark and copper for treated pine bark had a correlation 
of R2>0.9. Furthermore, the equilibrium adsorption capacity for the first order equation does not 
match the experimental values obtained, indicating a poor fit for the data to the first order model. 
 
The correlation for the Pseudo second order equations are better than for the first order, where only 
lead and copper has values of R2 <0.9.  However, the adsorption capacities are differing significantly 
from the experimental values, hence the difficulty to determine the true reaction order. Taking only the 
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goodness of fit into consideration, the reaction orders are as proposed in table 25.  According to the 
pseudo second order, the greatest capacity is achieved by Absol (zinc, lead and copper) and pine bark 
(cadmium and nickel). Sawdust is by far the worst sorbent for heavy metals, having the least capacity 
for all metals, as confirmed by the batch experiments. However, sawdust is having among the highest 
of adsorption rates for cadmium and lead, related to the structure of the fibers being able to quickly 
sorb the solution and the metals solved, then becoming saturated. All sorbents should have adsorption 
rates sufficient high in order to be able to sorb incoming metals in storm water runoff, considering real 
world concentrations are much lower than those used in this study. Although in order to investigate 
properly, a column batch experiment with variation in flow would be needed.   
 
The proposed order is also agreeing with previous work, Y.S Ho et al27  reports that many sorption 
processes of heavy metals are following the pseudo second order kinetic model.  The pseudo second 
order implies that the adsorption of metals is a chemical sorption mechanism, sharing electrons with 
the sorbent27 , 38. 
 
Table 25. Reaction orders for each metal and sorbent. 

 Zn Pb Cd Ni Cu 

Absol PSO/FO PSO PSO PSO PSO 

Sawdust PSO PSO PSO PSO PSO 

Pine bark PSO FO PSO PSO PSO 

Treated pine bark PSO FO PSO PSO FO 

 
 

4.4 XPS analysis 
Due to limitations, XPS-analyses was performed on four sample types. From initial batch experiments, 
absol proved to adsorb the most metals and sawdust the least. The four samples used were Absol after 
24 hours interaction with a total concentration of 200 mg/l multi-metal solution, Absol with no 
interaction with metals, Sawdust after 24 hours interaction with a total concentration of 200 mg/l 
multi-metal solution and Sawdust with no interaction with metals. 
 
Wide XPS spectrums of the analyzed samples are shown in figure 1.  The main components of the 
untreated Absol surface according to the spectrum are silicates (O 1s, 532.2 eV; Ca 2p 3/2, 347.1 eV; Si 
2p, 101,9 eV) which composes 62% of the total atomic concentration and calcium oxides (Ca 2p 3/2, 
347.1 eV) with 11% of the atomic concentration, followed by some carbon components such as 
carbonate, C-OH and  COOH (C1s, 285-289.9 eV) at 6% of the atomic concentration and alumina 
oxides (O 1s, 533.7 eV). This is roughly as reported by the manufacturer of the product.  
The metal-loaded Absol sample (fig. 1) shows sorption of all heavy metals, and are summarized in table 
26. The binding energies suggests that Zn, Cd and Pb are sorbed as metal oxides on the surface of 
Absol, while Ni and Cu have the states of hydroxides and metal oxides.  
 
The atomic concentration and sorption relative to lead is compared in table 27. The numbers shown 
cannot be used as a quantitative measurement, but they give a rough estimate of their abundance’s 
relationship. From the batch sorption experiments, the amount adsorption of each metal was in the 
following order from highest to lowest; Pb> Cu> Cd> Zn> Ni. From the XPS-analysis, the highest 
amount present of the surface was in the following order from highest to lowest; Cu> Zn> Pb> Ni> Cd. 
Approximately the same amount of Pb are adsorbed to Absol as Cu, although more than 7 times more 
atoms of Cu are present at the surface. This could be explained by the formation of multilayers, 
supported by the Freundlich isotherm. The atomic concentration of carbon and oxygen are decreasing 
from 7.2% (Carbon, C1s) to 5.4% and from 64.4% (Oxygen, O1s) to 60.3% after loading the sample with 
metals, proving formation of metal oxides and hydroxides and interaction with surface carboxylic 
groups.  
 
On the analysed sawdust sample, no difference was observed between the metal loaded sample and the 
untreated sawdust sample, despite evidence of a total of 0.64 mg metals adsorption to the sample from 
the batch studies. The atomic concentration of carbon and oxygen is also similar between the two 
sawdust samples, further indicating that no sorption of heavy metals has taken place on the surface.  
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Sawdust proved to be rather poor as sorbent material for these metals, and it is possible that the 
abundance is too low to be analyzed by XPS. Another possible reason is that the metals are 
incorporated deep within the structure of the wood fibers, and that depth profiling, sputtering, of the 
sample would be required in order to detect the sorbed metals. Functional groups located on the 
surface are COOH (C1s, 289.1 eV), OCO (C1s, 288 eV) and C-OH (C1s, 286.6 eV). 
 
 
Table 26.  Identified metals and their states when adsorbed to Absol.  

Line BE, eV Atomic concentration % Chemical state 

Zn 2p 3/2 1022.3 1.29 ZnO 

Cu 2p 3/2 933, 935.3 8.04 CuO, Cu(OH)2 

Ni 2p 3/2 856.4 0.72 (Ni(OH)2) 

Cd 3d 5/2 405.6 0.3 CdO 

Pb 4f 7/2 139.1 1.07 PbO 

 
 
Table 27. Adsorption and atomic concentration relative to lead, Absol.  

Element Cu Ni  Zn Cd Pb 
% sorption 91 14 25 34 100 

% atomic concentration 751 67 121 28 100 
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Figure 1. XPS spectrum of Absol, multi-metal sorption (Upper left), with no interaction with metals 
(Upper right), sawdust multi-metal sorption (Lower left) and sawdust with no interaction with 
metals (lower right). 
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4.5 Field samples 
Data from the field samples are presented in table 28.  Letter denotes drain location and the number 
denotes sampling time, 1 is before installation (day 0) and 2 is after 10 days of filtration. The blank 
samples has had no filter installed at all.  
 
The storm water runoff from the area had much lower metal contamination than anticipated, and for 
most of the analytes in the samples the chosen analytical method and instrument did not have low 
enough level of quantification. According to StormTac 39, a recipient water model software based on 
experimental data, expected concentrations of the selected metals in a heavily polluted industrial area 
are as in table 29.  
 
However, in all the day 0-samples where quantifiable levels of metals were obtained, the levels had 
decreased after filter installation. No drain after filter installation had quantifiable levels of the 
analyzed metals except drain A, in which the Cu concentration decreased from 0.35 mg/l to 0.06 mg/l. 
The blank drain samples also show a decrease in metal concentration between day 0 and 10, although 
not to the same extent as those with filters. The drains locations were spread over a large area inside 
the industrial site, which makes comparison difficult due to the variation in the runoff.  The samples 
filtered through 0.45 µm did not show any significant fraction bound to particulate matter, with the 
exception of Zn, which decreased 14% and 22% compared to the unfiltered samples. The gullies 
from which the water was sampled from were designed in such manner that larger particles 
(stones, branches, leaves and litter etc.) would not choke the pipe leading the water away. The 
larger particles would fall down in a well, and when the water level was high enough, it would flow 
out through a drain-hole. The water was sampled from the well, and it is possible that it had stood 
still for such a long time that the smaller particles would have sedimented, leaving only clear water 
as sample.  
 
 
Table 28. Storm water drain samples and metal concentrations (mg/l).   
 Cu Ni Zn Cd Pb 

A-1 Sawdust 0.1 <0.05 0.22 <0.05 0.1 

B-1 Absol 0.35 <0.05 0.65 <0.05 <0.05 

C-1 Pine bark <0.05 <0.05 0.0605 <0.05 <0.05 

D-1 Pine park treated <0.05 <0.05 <0.05 <0.05 <0.05 

A-2 Sawdust 0.06 <0.05 <0.05 <0.05 <0.05 

B-2 Absol <0.05 <0.05 <0.05 <0.05 <0.05 

C-2 Pine bark <0.05 <0.05 <0.05 <0.05 <0.05 

D-2 Pine park treated <0.05 <0.05 <0.05 <0.05 <0.05 

      

Blank A-1 0.14 <0.05 0.08 <0.05 <0.05 

Blank B-1 0.09 <0.05 0.42 <0.05 <0.05 

Blank A-2 0.09 <0.05 <0.05 <0.05 <0.05 

Blank B-2 <0.05 <0.05 0.4 <0.05 <0.05 

Blank A-1 Filtered 0.12 <0.05 0.08 <0.05 <0.05 

Blank B-1 Filtered 0.07 <0.05 0.43 <0.05 <0.05 

 
 
Table 29. Expected metal concentration in a polluted industrial area according to StormTac. 

 Pb Cu Zn Cd Ni 

Metal Concentration (ug/l) 50 79 402 2.1 21.6 
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5. Conclusions 

All four tested materials are able to successfully adsorb and maintain heavy metals. At metal 
concentrations up to 2 mg/l, Absol and pine bark are able to adsorb >80% of all metals. Sawdust is able 
to sorb 64-90% of the metals at 2 mg/l, and the treated pine 73-90%.  Absol has the greatest capacity 
for all metals, followed by natural pine bark>treated pine bark>sawdust. The adsorption of most 
metals are following the Langmuir isotherm model with the exception of Cu and Pb which are following 
the Freundlich model, although with poor correlation. All metals except Pb (Treated and untreated 
pine) and Cu (Treated pine) are following the pseudo second order rate equation, indicating 
chemisorption to the numerous functional groups that these natural materials contains.   
XPS analysis of Absol surface shows sorbed metals in forms of hydroxides and oxides, as well as 
functional groups such as carboxylic acid and alcohol for sorption. However, the analyzed sawdust 
sample did not show any proof of sorbed metals, despite having available functional groups and an 
obvious decrease in metal concentration from batch experiments.  
 
The field sampling proved to contain too little metals in most of the samples for quantitative analysis, 
but in the samples where the concentrations were high enough, the filters installed definitely decreased 
the metal content. Metals bound to particulate matter was found to non-significant; either due to low 
quantification limit or to faulty sampling technique. The only metal which was found to decrease was 
Zn, of which the concentration was on average 18% lower in the filtered sample. 
 
 
 

6. Outlook 

The results in this study shows that all tested materials have good sorption capacity for heavy metals at 
low concentrations. Considering the low cost and high efficiency of the materials, the small effort of 
installing these types of filters in gullies will yield high results with regards to reducing the metal 
content in the water. In order to determine the life-time of the materials, calculations are needed based 
on storm water flows, runoff volumes and concentrations. This will give a rough estimate on how often 
the filters are needed to be replaced. A properly designed housing of the filters is needed with an easy 
mechanism for filter replacement. Together with more thorough investigation of the fraction metals 
bound to particulate matter, a pre-filtration system for particles should be developed. Packed column 
experiments will give answers to optimal material density and the tortuosity. The ability of the filter to 
not be exclusive to metal sorption is of interest, and the materials should be tested for sorption of e.g. 
nutrient salts, organic pollutants and oil for a multi-purpose filters.  
 
Further investigation of sorption mechanisms and the functional groups involved in the sorption 
process is needed through XPS and other surface analysis techniques such as Fourier Transform 
Infrared Spectroscopy. Ion-exchange can be confirmed by analyzing anions before and after sorption. 
An important parameter for the sorbents is their abilities to hold the metals. Adding other ions and by 
doing batch experiments in which metals are added on at the time, the desorption can be studied. This 
will also give a better understanding of the affinity in a multi element system.  
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8. Appendix  

8.1 Single metal system, Langmuir and Freundlich isotherms 
 
 

 
 
Figure 2. Langmuir isotherm, Copper and Zinc, single metal system. 
 

 
 
Figure 3. Langmuir isotherm, Nickel and Cadmium. Single metal system. 
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Figure 4. Langmuir isotherm, Lead. Single metal system. 
 
 

 
 
Figure 5. Freundlich isotherm, Copper and Zinc. Single metal system. 
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Figure 6. Freundlich isotherm, Nickel and Cadmium. Single metal system. 
 
 
 
 

 
Figure 7. Freundlich Isotherm, Lead. Single metal system.  
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8.2 Multi metal system, Langmuir and Freundlich isotherms 
 

 
 
Figure 8. Langmuir isotherm, Nickel and Copper. Multi metal system. 
 

 
 
Figure 9. Langmuir isotherms, Zinc and Cadmium. Multi metal system. 
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Figure 10. Langmuir isotherm, Lead. Multi metal system.  
 
 

 
 
Figure 11. Freundlich isotherm, Cadmium and Nickel. Multi metal system. 
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Figure 12. Freundlich isotherms, Copper and Zinc. Multi metal system. 
 
 
 

 
 
Figure 13. Freundlich isotherm, Lead. Multi metal system. 
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8.3 Parameters for Lagergren and Psuedo second order rate expressions 

 
Table 30. Correlation coefficients, Lagergren’s First order. 

 Zn Pb Cd Ni Cu 

Absol 1.0 0.7 0.6 0.6 0.7 
Sawdust 0.4 0.8 0.5 0.4 0.0 

Pine bark 0.7 0.8 1.0 0.4 0.4 

Treated pine bark 0.4 0.7 0.9 0.8 0.9 
 
 
Table 31. Rate constants, Lagergren’s First order. 
Rate constant of adsorption (1/min) 

 Zn Pb Cd Ni Cu 

Absol 0.007 0.02 0.003 0.006 0.17 

Sawdust 0.012 0.003 0 0.007 0 

Pine bark 0.002 0.019 0.003 0.003 0.015 

Treated pine bark 0.008 0.02 0 0.005 0.02 

 
 

Table 32. Equilibrium adsorption capacity, Lagergren’s First order. 
Equilibrium adsorption capacity (mg/g) 

 Zn Pb Cd Ni Cu 
Absol 3.2 21.0 1.5 2.4 14.8 

Sawdust 5.6 1.5 1.0 2.8 1.3 

Pine bark 3.5 34.7 1.7 1.3 44.7 
Treated pine bark 3.2 23.4 1.1 2.2 31.6 

 
 
 
Table 33. Correlation coefficients, Pseudo second order. 

 Zn Pb Cd Ni Cu 

Absol 1.0 0.7 1.0 1.0 0.8 

Sawdust 1.0 1.0 1.0 1.0 0.8 

Pine bark 1.0 0.5 1.0 1.0 0.9 

Treated pine bark 1.0 0.6 1.0 1.0 0.2 

 
 
Table 34. Equilibrium adsorption capacity mg/g, Pseudo second order. 

 Zn Pb Cd Ni Cu 

Absol 41.2 109.9 15.2 16.9 74.6 

Sawdust 9.2 10.5 9.5 7.0 4.2 

Pine bark 16.4 75.2 124.8 21.1 17.2 

Treated pine bark 16.3 85.5 11.5 17.4 43.3 

      

 
 
Table 35. Adsorption rate, mg g-1min-1, pseudo second order. 

 Zn Pb Cd Ni Cu  

Absol 2.6 1.6 4.3 3.2 1.6  

Sawdust 0.9 2.3 25.1 1.1 0.2  

Pine bark 2.6 0.6 4.7 102.8 0.6  

Treated pine bark 2.7 0.9 9.3 3.0 0.2  
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