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Abstract  

Urban stormwater is today recognized as a significant source of pollution that has 

contributed to the deterioration of water quality in lakes and streams. Of the pollutants, 

metals are commonly occurring in stormwater and can cause major damage when released 

into the receiving waters. A promising treatment method for removing these metals before 

it reaches the receiving waters is to filter the water in various filter technologies such as 

catch basin inserts. 

In this study, the potential of five materials to remove dissolved copper (Cu) and zinc (Zn) 

from stormwater was investigated. The study was initiated with batch equilibrium tests to 

assess the sorption capacity of the materials at different metal concentrations relevant for 

stormwater. This was done in both single and binary batches to investigate whether or not 

any competitive sorption occurred between the metals. Langmuir, Freundlich and Sips 

isotherm models were adapted to the obtained data. Through geochemical modelling, it was 

also possible to investigate whether precipitation of metals was likely. Finally, kinetic 

studies were conducted to investigate whether the reaction rate of Cu and Zn was relevant 

in the context of catch basin inserts.  

The results showed that the biochar had the highest sorption capacity followed by peat, 

bark, milkweed, and polypropylene. It could also be noted that Cu competed with Zn 

binding sites at high concentrations and that the sorption capacity of biochar, peat and bark, 

at concentrations between 50-100 μg/l Cu and 50-500 μg/l Zn, was sufficient to meet the 

limits set for stormwater emissions. For these sorbents, the reaction rate was also 

significant. Kinetics tests showed that at an initial concentration of 1,000 μg/l, 83% of the 

metals were sorbed after 5 minutes and after 10 minutes this number was 93%. Bark and 

peat also showed low effluent pH and leaching of dissolved organic carbon (DOC). The 

Langmuir and pseudo-second order equation could be well adapted to the data while 

geochemical modelling showed that precipitation of metals was unlikely. This suggests that 

chemical adsorption may be the mechanism that largely accounted for the removal of Cu 

and Zn.  

The results of this study can hardly be used to estimate the field performance of stormwater 

filters, but can be used as a basis for comparing and selecting sorbents for subsequent 

column tests. 
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Sammanfattning 

I denna studie undersöktes potentialen för fem material att avskilja löst koppar (Cu) och 

zink (Zn) från dagvatten. Studien inleddes med skaktest för att testa sorptionsförmågan hos 

materialen vid olika metallkoncentrationer relevant för dagvatten. Detta gjordes i både 

singel och binära test för att undersöka om någon konkurrerande sorption skedde mellan 

metallerna. Langmuirs, Freundlichs och Sips isotermmodeller anpassades även till 

resultatet. Genom geokemisk modellering var det även möjlig att undersöka om utfällning 

av metaller var sannolik. Till sist gjordes kinetiska studier för att undersöka om 

reaktionshastigheten för sorption av Cu och Zn till filtermaterialen var relevanta i ett 

brunnsfiltersammanhang.  

Resultaten visar att biokol hade den största sorptionsförmågan följt av torv, bark, sidenört 

och polypropylen. Det kunde även konstateras att koppar konkurrerade om 

sorptionsplatser för zink vid högre koncentrationer och att sorptionskapaciteten för biokol, 

torv och bark, vid koncentrationer mellan 50-100 µg/l Cu och 50-500 µg/l Zn, är tillräckligt 

hög för att uppfylla gränsvärdena för utsläpp av dagvatten. För dessa sorbenter var 

reaktionshastigheten betydande. Kinetiktesten visade att vid en initial koncentration på 

1,000 µg/L var 83% av metallerna sorberade efter 5 minuter och efter 10 minuter var 

denna siffra uppe i 93%. Bark and torv uppvisade även ett lågt uppmätt pH och lakade löst 

organisk kol (DOC). Langmuir och pseudo-andra ordningens ekvation kunde anpassas väl 

till datat samtidigt som den geokemiska modelleringen visade att utfällning av metaller var 

osannolikt. Detta antyder att kemisk adsorption kan vara den mekanism som till störst del 

stod för avskiljningen av Cu och Zn. Studien kan inte fastställa något om filtermaterialens 

fältprestanda, men kan användas som underlag för att jämföra och att välja sorbenter för 

efterföljande kolumntester.    
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1 Introduction 
Runoff from roofs, pavement and other impermeable surfaces is a nonpoint pollution 

source which has been recognized as an important cause of the degradation of and 

ecosystems for several decades (Petrucci, et al., 2014). Of the pollutants, metals are among 

the most common components and can often be found at potentially harmful 

concentrations (Shaver, et al., 2007). In Sweden, 16 Environmental Quality Objectives have 

been adopted, describing what quality and state of the Swedish environment is sustainable 

in the long term (Regeringskansliet, 2012). One of the objectives that can be linked with 

stormwater is “A Non-Toxic Environment” which aims to reach an environment free from 

man-made or extracted compounds and metals that represent a threat to human health and 

biological diversity. The Environmental Quality Objectives “Flourishing Lakes and Streams” 

and “Good-Quality Groundwater” are undoubtedly also dependent on the quality of 

stormwater. To this day, none of these environmental quality objectives have been achieved 

and no clear trend in the state of the environment have been seen (Naturvårdsverket, 2017). 

To reach these goals there is a need of a sustainable stormwater management.  Stormwater 

management has traditionally mainly focused on constructing storm sewers, through which 

the stormwater is transported directly from the urban environment to the receiving waters.  

In the latest decades this management has evolved, and more attention has been drawn to 

the quality dimension of the urban runoff in order to tackle the environmental problems 

(Stahre, 2008). The filtration of stormwater to remove dissolved metal is a promising 

treatment method, as long as an effective filtration media is used. One adaption where 

filters are used are catch basin inserts that are installed under grates, where the stormwater 

is treated as it flows into the drain and through the filter. 

Despite that numerous studies of metal removal from stormwater using a range of sorbents 

exist, they usually only report removal percentages without defining the sorption isotherms. 

This makes the results impossible to compare directly since the sorption capacity of a 

sorbent depends on the concentration in the aqueous solution. In the studies where 

sorption isotherms have been reported, the concentrations have often been relatively high 

compared with what is typical for urban stormwater. Consequently, the result has to be 

extrapolated down to concentrations relevant for stormwater, which is associated with 

high uncertainty (Wium-Andersen, et al., 2012). However, a couple of researches have 

carried out the sorption experiments at concentrations relevant for stormwater (Wium-

Andersen, et al., 2012; Genç-Fuhrman, et al., 2007). Furthermore, it is important to assess 

the metal removal when they coexist (Jang, et al., 2005; Al-Asheh & Duvnjak, 1998).   

Considering this the main objective of this study was to evaluate the efficiency of five 

filtration materials by studying their removal kinetics and sorption capacities at different  

metal concentrations relevant for stormwater, with single and binary solutions, to identify 

those most promising for the potential use in catch basin inserts or other stormwater filters. 
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2 Aim and Objectives 
The aim of this master thesis was to evaluate and compare the efficiency of five materials 

by studying their sorption of dissolved Cu and Zn. The results may serve as basis when 

choosing filter materials for filter treatment techniques for stormwater, such as catch basin 

inserts.  

To cover the scope of this thesis, the objectives were to 

 determine the sorption capacity at different concentrations of Cu and Zn,  

 evaluate if there is a competitive sorption between Cu and Zn in binary solutions, 

 determine the removal rates for Cu and Zn in a time interval relevant for catch basin 

inserts, 

 determine the leaching characteristics of the materials, and to 

 discuss the mechanisms responsible for the removal of Cu and Zn 

2.1 Demarcation 

The study has been limited to five different sorbents (bark, peat, milkweed, polypropylene, 

and biochar) with the intention of using them in catch basin inserts. In the batch tests the 

sorption of dissolved Cu and Zn ions were chosen as these metals are common in 

stormwater at relatively high concentrations in dissolved form, and constitute a major 

environmental problem. 

Isotherms are often determined at higher concentrations than found in stormwater. Hence, 

the extrapolation down to concentrations relevant for stormwater can become uncertain. 

For this reason, the focus in this study have been on concentrations realistic for stormwater 

with some additional concentrations in the higher range.   

Other properties such as the content of organic matter, effect of initial pH, amount of 

sorbent etc. are not included in this study. Furthermore, only the most promising sorbents 

were evaluated for possible competitive sorption and removal kinetics. 
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3 Background 

3.1 Urbanisation  

Throughout the world there is a shift happening where more and more people move from 

rural areas to urban areas. This urbanization includes a conversion from the natural 

environment to meet human settlement needs. From a hydrologic viewpoint, this 

urbanization involves two important changes.  Firstly, development will increase the 

imperviousness of the catchment in the form of roadways, parking lots and rooftops. While 

forest and grass areas allow most of the rainfall to infiltrate, hard surfaces in developed 

urban areas do not allow any significant infiltration. As a consequence, these developed 

areas generate more runoff, see figure 1.  The amount of precipitation that runs off ranges 

up to 80% in highly populated areas, or even higher, down to 10% with single homes on 

very large properties (Davis & McCuen, 2005).  

 

Figure 1. Change in water balance from land development (Davis & McCuen, 2005). 

The second change is the alteration from natural drainage systems to artificial conveyance 

systems that leads to increased runoff volumes and peaks. All this can lead to erosion of 

stream banks, bed and road embankments as well as enhance the flood risk, resulting in 

damage to property and land degradation (Liu, et al., 2015). 

3.2 Stormwater Quality 

Not only the hydrology in the catchment is affected by urbanization. A number of studies 

during the last twenty years have shown that the quality of stormwater is also influenced. 

The runoff can become heavily polluted when a range of polluting substances find their way 

into the stormwater from atmospheric sources, but mainly as a result of being washed off 

or eroded from urban surfaces. These pollutants are finally released into streams and lakes 

https://en.wikipedia.org/wiki/Rural
https://en.wikipedia.org/wiki/Urban_areas
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where the local ecosystem is often unable to handle the elevated load of pollutants (Butler 

& Davies, 2004). Table 1 presents some the most common contaminants and contaminants 

sources in stormwater (USEPA, 1999). 

Table 1. Sources of contaminants in urban stormwater runoff (USEPA, 1999). 

Contaminant Contaminant Sources 
 

Sediment and Floatables Streets, lawns, driveways, roads, construction activities, 
atmospheric deposition, drainage channel erosion 
 

Pesticides and Herbicides Residential lawns and gardens, roadsides, utility right-of-ways, 
commercial and industrial landscaped areas, soil wash-off 
 

Organic Materials Residential lawns and gardens, commercial landscaping, animal 
wastes 
 

Metals Automobiles, bridges, atmospheric deposition, industrial areas, 
soil erosion, corroding metal surfaces, combustion processes 
 

Oil and Grease/ 
Hydrocarbons 
 

Roads, driveways, parking lots, vehicle maintenance areas, gas 
stations, illicit dumping to storm drains 
 

Bacteria and Viruses Lawns, roads, leaky sanitary sewer lines, sanitary sewer cross-
connections, animal waste, septic systems 
 

Nitrogen and Phosphorus Lawn fertilizers, atmospheric deposition, automobile exhaust, soil 
erosion, animal waste, detergents 
 

 

3.2.1 Metals  

Many of the environmentally problematic elements occur in uncontaminated soils and 

waters in very low concentrations. These elements are often referred to as trace elements 

or heavy metals, which is a vaguely defined term. The use of these terms reveals very little 

information concerning environmental behaviour or toxicity. Many of the metals like Cu, Zn, 

nickel (Ni), and chrome (Cr) that actually belong to the transition metals, are called heavy 

metals, while cadmium (Cd), lead (Pb) and mercury (Hg) are often considered as the "real 

heavy metals" (Essington, 2004). In this study, all metals will be referred to as metals for 

simplicity sake.  

In an unaffected environment, most metals occur in low concentrations. However, in 

general, the metal levels increase in urban environments. For example, Cu levels increase 

in stormwater with increased traffic intensity but also with densified buildings, especially 

in areas with Cu roofs. The same applies to Zn, as increased traffic intensity and densified 

settlements with galvanized roofs, rails and posts often give rise to increased levels in 

stormwater (Stockholms län, 2009).  
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Metals are among the most common stormwater pollutant components and can often be 

found at potentially harmful concentrations in urban stormwater (Shaver, et al., 2007). Of 

the metals, Cu, Pb, Zn, Cr and Ni are the most abundant and of these a significant fraction of 

Cu and Zn can be found in urban runoff in dissolved form (Hvitved-Jacobsen, et al., 2010). 

Thus, the focus in this study will be on Cu and Zn.  

3.2.2 Toxicity of Metals 

Cu is an essential nutrient needed in small amounts in both humans and animals. However, 

larger concentrations can cause damage (Livsmedelsverket, 2015). The effects differ 

between different organisms and the risk of damage is also dependent on the species and 

bioavailability of the Cu. Among plants and animals, it is primarily aquatic plants and 

bacteria that are adversely affected by Cu. Cu is also toxic to soil microorganisms and 

interferes with important processes such as degradation. Higher organisms are usually less 

sensitive (Sternbeck, 2000). People are exposed mainly through food and drinking water. 

High intake of Cu may cause nausea and vomiting as well as other gastrointestinal disorders 

such as stomach pains and diarrhoea. In some cases, liver damage may also occur 

(Socialstyrelsen, 2005; Araya, et al., 2004). The risk of adverse health effects through 

drinking water is estimated to be low (Pettersson, et al., 2003). 

Zn is also a nutrient needed in small amounts for plants and animals, but too high levels can 

be toxic. Zn is included in several enzymes and is needed for metabolism (Livsmedelsverket, 

2016). Zn is the second most common trace element in the body after iron and the public is 

exposed to Zn mainly through food intake (McCance & Widdowson, 1942). Excessive Zn 

levels have been found to be harmful to aquatic organisms and may cause behavioural and 

reproductive disorders (Lefcort, et al., 1998). 

3.2.3 Estimated Metal Concentrations in Stormwater  

The quality of stormwater can vary greatly. The time between two rain events, quality and 

intensity of the precipitation, type of impervious area, seasons etc. are factors that influence 

the composition and amount of pollutants (Butler & Davies, 2004; Malmqvist, et al., 1994). 

Typical values are therefore hard to determine and should be interpreted with caution. The 

concentration range of Cu and Zn present in stormwater from highways and other 

urbanized areas are compiled in table 2. 
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Table 2. Concentrations of metals (μg/l) reportedly found in urban stormwater runoff, 
adapted from Søberg (2014).  

Source/catchment Value Cu Zn Ref. 
General urban Mean 10 140 A 
Residential Mean 33 135 B 
Commercial Mean 29 226 B 
Mixed Mean 27 154 B 
Rainwater Min - Max 1 – 355 5 – 235 C 
Roofs Min - Max 6 – 3416 24 – 4880 C 
Road low density Min - Max 21 – 140 15 – 1420 C 
Road high density Min - Max 97 – 104 120 – 2000 C 
Building sides Min - Max <1 – 320 24 – 23000 D 
Building sides  Mean 51 1900 D 
Roofs, residential Mean 7 100 D 
Roofs, commercial Mean 200 1100 D 
Roofs, institutional Mean 5000 1100 D 
Brakes Mean 280 330 D 
Storm sewer outlet Min - Max, total 30 – 220 130 – 520 E 
Storm sewer outlet Min - Max, partic. 217 – 4049 1087- 11818 E 
Industrial Mean ± SD 35 ± 29 240 ± 197 F 
Residential, single family houses Mean ± SD 38 ± 28 212 ± 145 F 
Residential, multi-family houses Mean ± SD 15 ± 11 126 ± 87 F 
Mixed land use Max 77400 119000 G 
Highway Mean, total 93 506 H 
Highway Mean, dissolved 66 415 H 
Road, snowmelt EMC interval, total 37 – 103 105 – 393 I 
Road, snowmelt EMC interval, diss. 1.3 – 103 4.2 – 14 I 
Road, rain EMC interval, total 5.6 – 22 21 – 97 I 
Road, rain EMC interval, diss. 0.7 – 5.3 4.6 – 25 I 
Roof Mean 8 778 J 
Road Mean 11 315 J 
Parking lot Mean 8 89 J 
Commercial/residential, warm  Min - Max, total 1.8 – 129 7.3 – 703 K 
Commercial/residential, warm Min - Max, dissolved 0.47 – 24 3.7 – 120 K 
Commercial/residential, cold Min - Max, total 1.8 – 656 7.3 – 1937 K 
Commercial/residential, cold Min - Max, dissolved 0.47 – 23 3.7 – 120 K 
Residential, single houses, warm Min - Max, total 11 – 87 33 – 400 K 
Residential, single houses, warm Min - Max, dissolved 8.3 – 13  46 – 73 K 
Residential, single houses, cold Min - Max, total 0.29 – 28 0.017 – 156 K 
Residential, single houses, cold Min - Max, dissolved 6.1 – 21 22 – 80 K 
Central urban Min - Max 6 – 120 10 – 300 L 
Residential Min - Max 3 – 15 5 – 140 L 
Commerical Min - Max 4 – 31 8 – 92 L 
Snowmelt runoff Min - Max 13 – 430 200 – 740 L 

 
A MDE (1999); B USEPA (1983); C Göbel, et al. (2007); D Davis, et al. (2001); E Zgheib, et al. (2012); F Gasperi, 

et al. (2014); G Graves, et al. (2004); H Lau, et al. (2009); I Westerlund (2003); J Li, et al. (2012); K Valtanen 

(2014); L Hvitved-Jacobsen, et al. (2010).  
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3.2.4 Emission Limits for Stormwater  

At present, there are no nationally established guideline values for pollutant levels in storm 

water in Sweden. Assessments are instead made from case to case using reference values 

and assessments of the sensitivity of the receiving waters. Sometimes, however, there may 

be a need for target / comparison values. As a result, in early 2008, a working group was 

established in the regional water network in Stockholm County with the task of suggest 

guideline values for stormwater emissions (Jacobs, et al., 2009). These target values are 

found in Table 3.  

Table 3. Proposed guideline values (annual average) for stormwater emissions. Level 1: Direct 
release to receiving waters, Level 2: sub-catchments, Level 3: Operators. M: discharge into 
smaller lakes, streams and bays, S: discharge into larger lakes and seas (Jacobs, et al., 2009).  

Pollutant 
(μg/l) 

Smaller lakes. streams 
and bays 

Bigger lakes and seas Operators 

 1M 2M 1S 2S 3VU 
Pb 8 10 10 15 15 
Cu 18 30 30 40 40 
Zn 75 90 90 125 150 
Cd 0.4 0.5 0.45 0.5 0.5 
Cr 10 15 15 25 25 
Ni 15 30 20 30 30 
Hg 0.03 0.07 0.05 0.07 0.1 

 

3.3 Stormwater Treatment  

Before 1970 stormwater was not treated. The urban drainage was back then focused on 

getting rid of the water as quickly as possible. But during the 70’s more and more attention 

was drawn to the quality aspect of the urban stormwater runoff. The pollutants and their 

impact became a major concern and measures were taken to protect the recipient (Stahre, 

2008). 

Today there are many various techniques for stormwater treatment that have been 

developed. Some are primarily aimed at the treatment of the water, while others are 

primarily used to delay the flow of water. Some of the most important treatment 

technologies are sedimentation ponds and basins, gully pots, constructed wetlands, floating 

treatment wetlands, filter technologies (bioretention/rain gardens, catch basin inserts, 

membrane filters and reactive filter materials), swales and buffer strips, infiltration 

facilities, green roofs, and advanced technologies for treatment of dissolved contaminants 

(Blecken, 2016). 

3.3.1 Filter Techniques 

There are many different types of filter technologies for stormwater. In constructed filters 

for stormwater treatment, different types of added filter material are used. These systems 

can either be located at the end of a drainage system, to treat large volumes of water, or in 
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water wells directly adjacent to the drainage surface, for example on a parking area, 

industrial site or by a dump pipe (Färm, 2003).  

One of these treatment systems that installed in the gullies are catch basin inserts, see figure 

2. There are a large number of different technical solutions in different designs and filter 

materials for catch basin inserts. Because of this there can be several removal mechanisms 

like sedimentation and screening, filtration, sorption, and ion exchange.  

 

Figure 2. Sketch of a catch basin insert from Flexiclean (a), Sorbclean catch basin inserts (b) 
that are going to be emptied of the sorbent (c) (Dromberg, 2009). 

The retention time in catch basin inserts can vary greatly depending on the size of the filter, 

intensity of the rain etc. According to Bennerstedt (2005) the retention time in catch basin 

inserts for a 2-year dimensioning rain is very short. But over a year, the retention time is 1 

hour for about 10% of the annual precipitation. 15 minutes retention time is obtained for 

about 30% of the annual precipitation. 

3.4 Sorption Materials 

There are a large number of published studies of filter materials that can contribute to 

chemical purification processes in combination with physical filtration in filter based 

treatment systems. The choice and use of these filters, however, depend strongly on the 

site-specific conditions, purification requirements and the choice of technology. The long-

term function and maintenance needs also have to be considered by taking into account the 

saturation and/or degradation of the filter material (Blecken, 2016). In the following 

section the sorbents used in this study, which can potentially be used in catch basin inserts, 

are presented.  
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3.4.1 Bark 

Tree barks are among the most abundant bio resources in the world. They are usually 

created as a by-product in forestry operations and industrial processes. Because bark is 

usually treated as a waste and exist in great abundance, it is an interesting low-cost 

alternative as a sorption filter material (Sen, et al., 2015). 

Bark has great oil sorption properties and has been used extensively as a sorbent for oil 

spills (MSB, 2010). This property to adsorb organic pollutants has also been applied in 

stormwater treatment. Björklund and Li (2015) showed that bark is a promising sorbent 

for removing hydrophobic organic compounds (HOCs) from stormwater, such as polycyclic 

aromatic hydrocarbons, alkylphenols and phthalates. There has also been an increasing 

interest in using barks and other biomasses for metals removal in water. In the last four 

decades, more than 60 research studies were reported on the biosorption of metals with 

barks. More than 40 bark species were tested and over 10 metals were studied (Sen, et al., 

2015). Many of these studies have shown promising high capacity to remove metal ions 

commonly found in stormwater like Zn and Cu (Jang, et al., 2005; Al-Asheh & Duvnjak, 

1998). Another important advantage of barks as a sorption material are their ability to sorb 

metal at low concentrations (Vazquez, et al., 2002). 

The main mechanisms for metal sorption onto bark is regarded to be due to  

reaction between metals and carboxylic (RCOO-) groups of polysaccharides, hydrogen 

bonding of hydrated Cu with cellulose and formation of complexes with (OH) of the 

phenolic groups of lignin (Gaballah, et al., 1997) . Yet, the reaction sites on bark constituents 

and the structures of the compounds formed are not exactly known and there are several 

more sorbent-related factors that can affect the sorption mechanism of metals (Sen, et al., 

2015). 

Even though barks have good sorption properties there have been concerns about leaching 

of organic carbon from pine bark and potential desorption of metal ions. Vienloa (2008) 

concluded that bark leach phenolic compounds and no metal sorption occurred as the metal 

content of the storm water was too low. Instead, a release of metals from the pine bark into 

storm water occurred during the experiment. By contrast, Ilyas and Muthanna (2016) 

observed very little desorption of metal ions and leaching of total organic carbon in batch 

type experiments. Another concern is extreme precipitation events and its effect on filter 

treatment installations. Solemslie (2017) showed that extreme precipitation had 

catastrophic effect on the pine bark with lowered hydraulic conductivity and removal rate 

down to 0%. 

3.4.2 Peat  

Peat is a material that occurs in nature and consists of dead plants that have been preserved 

under humid conditions at low or no oxygen supply, and slowly been oxidized by micro-

organisms to form peat. Variations in composition depend on the nature of the substrate, 
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the groundwater flow, precipitation and, to some extent, the influence of airborne particles 

(TorvForsk, 2017). Peat have lignin and cellulose material as major constituents. The 

components, especially lignin and humic acids, bear polar functional groups, such as 

alcohols, aldehydes, ketones, carboxylic acids, phenolic hydroxides, and ethers that can be 

involved in chemical bonding (Chaney & Hundemann, 1979). 

Because of the polar character of peat, the specific sorption potential for dissolved solids, 

such as metals and polar organic molecules, is quite high. These properties have 

consequently lead to considerable attention on the potential of peat as a commercial 

sorbent for contaminated water.  

Peat has been found to be an efficient sorption material for removing a wide range of metals 

such as Hg, Cd, Zn, Cu, Ni, Cr and Pb by contacting wastewater with peat moss following a 

settling process. They sorption was found to be quite high due to the polar character of peat 

(McLellan & Rock, 1986). Several other studies have also concluded that peat has the 

capacity to capture nutrients, suspended solids, organic matter and oils from domestic and 

industrial wastewater, as well as spilled oil or oil contaminated waters (Malterer, et al., 

1996). 

Most sorption studies for metal on peat assume ion exchange as the main mechanism of 

metal ion sorption and focus on the humic and fulvic acid constituents (Brown, et al., 2000). 

However, the mechanism of metal binding on peat is an area of great debate. Other studies 

have found evidence that peat takes up metals by other removal mechanics. Gossett (1986) 

concluded in their unbuffered batch metal studies that under these conditions, 

complexation and surface sorption reactions were more important than ion- exchange. The 

heterogeneity of peat in terms of composition and degree of decomposition, in addition to 

differences in experimental methodology, makes comparison of study results difficult and 

therefore, it is difficult to establish the main removal mechanism (Brown, et al., 2000). 

3.4.3 Biochar  

Biomass-derived char (biochar) is a stabilized, recalcitrant organic carbon compound, 

generated when biomass is heated to temperatures typically between 300 and 1000°C, 

under low oxygen levels. The biomass feedstock can come from a variety of sources, such 

as agricultural residues, wood chips, manure, and municipal solid waste. The thermal 

treatment of the biomass can also differ, where slow pyrolysis is the most common process 

used due to its operating conditions and optimization of biochar yields (Xie, et al., 2014). 

The physical and chemical properties of biochars can vary considerable pending on the 

biomass source and production processes (Spokas, 2010). As a result, the sorption 

performance of biochar can vary greatly.  

Due to the development of biochar technology, the material has become a low-cost sorbent 

alternative in water treatment technologies for metal removal. Several recent studies have 
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provided evidences of biochar’s ability to immobilize metals in aqueous solution (Park, et 

al., 2017; Doumer, et al., 2016; Xu, et al., 2013; Chen, et al., 2011). 

There are different opinions on what the main removal mechanism of metals from aqueous 

solutions by biochar is. Various studies have suggested everything from precipitation, 

complexation, and ion exchange to electrostatic interaction (chemisorption) and physical 

sorption, see Figure 3 (Inyang, et al., 2016). Biochar may have high sorption capacity for 

metallic contaminants because of their surface heterogeneity (Kasozi, et al., 2010). This 

sorption capacity further increases due to their high surface area with well-distributed pore 

network (Mukherjee, et al., 2011).  

 

3.4.4 Polypropylene 

Polypropylene (PP) is the second most important standard plastic after polyethylene 

(HDPE, LDPE, and LLDPE). It is compatible with many processing technologies and used for 

varied applications ranging from packaging to household appliances, clothes, and vehicles 

(Ceresana, 2017). One of PP fibres application has the potential to be used for organic 

remediation because of their rapid sorption equilibria and the fact that organics adsorbed 

onto the PP fibres can be recovered through just squeezing out the pollutant from the 

sorbent. Many types of PP sorbents have commonly been used to remove organic pollutants 

and these sorbents are of considerable importance for rapid clean-up of oil spills (Li & Wei, 

2012). These properties have also made polypropylene a possible alternative sorbent in 

stormwater treatment. Björklund and Li (2015) showed promising results for removal of 

HOCs that are frequently detected in stormwater. Polypropylene, by itself or in combination 

with other materials, is already commercially available and has been studied in catch basin 

inserts at full scale (Dromberg, 2009; Lau, et al., 2001). 

Figure 3. Proposed removal mechanisms by biochar (Inyang, et al., 2016). 

http://www.ceresana.com/en/market-studies/plastics/plastics-world/ceresana-market-study-plastics-world.html
http://www.ceresana.com/en/market-studies/plastics/polyethylene-hdpe/polyethylene-hdpe-market-share-capacity-demand-supply-forecast-innovation-application-growth-production-size-industry.html
http://www.ceresana.com/en/market-studies/plastics/polyethylene-ldpe/ceresana-market-study-polyethylene-ldpe.html
http://www.ceresana.com/en/market-studies/plastics/polyethylene-lldpe/polyethylene-lldpe-market-share-capacity-demand-supply-forecast-innovation-application-growth-production-size-industry.html
http://www.ceresana.com/en/market-studies/packaging/ceresana-market-studies-packaging.html
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However, polypropylene have several shortcomings such as hydrophobic property and lack 

of active groups that limit their applications in separating of metal ions. Therefore, it is 

crucial to modify PP-based materials for better utilization of them (Guo, et al., 2016). 

Several studies with modified PP has shown high removal of metals from aqueous media, 

suggesting it could extend its application to wastewater and water purification works 

(Hernández-Aguirre, et al., 2016; El-Hag Ali, et al., 2008; Mavlyankariev & Rhee, 2007).  

3.4.5 Milkweed 

Asclepias syriaca, also called common milkweed, is one of the 140 known species of 

milkweeds (CatalogueofLife, 2017). Milkweed floss, which is cultivated or naturally grown 

in some states in the United States, is a hollow cellulosic material. This material has 

hydrophobic properties before any treatment due to their surface waxes (Chol & Cloud, 

1992). 

Encouraging results for oil sorption have been reported when using naturally hydrophobic 

cellulosic fibres such as milkweed seed hair. Fibres obtained from milkweed have been 

found to have similar or even a greater capacity to sorb oil from the water surface in 

comparison with typical polypropylene products, that have been more often employed for 

oil spill removal purposes (Renuka, et al., 2016; Rengasamy, et al., 2011; Chol & Cloud, 

1992). Another advantage of these materials is that they degrade quickly compared with 

synthetic products like polypropylene. The high oil sorption capacity of nonwovens 

produced by using milkweed fibres might not be only due to their oleophilic nature but 

because of their very high porosity (Renuka, et al., 2016).  

Even though milkweed shows promising results as a sorbent there are no studies made 

investigating milkweed as a filter media for stormwater treatment. 

3.5 Removal Mechanisms  

The removal mechanisms differ between sorbents. Numerous studies have also reached 

varying conclusions regarding which mechanism is most prevalent for each type of sorbent. 

Varying factors such as the kind of sorbed metals and the parameters in the methodology 

used make it even more difficult to compare different studies on the same type of sorbent. 

This is especially true for natural sorbents that typically have a heterogeneous composition 

and consist of organic and inorganic components and therefore, different sorption 

mechanisms are possible (Worch, 2012). 

In general, the different types of sorption process cannot always be distinguished clearly in 

practice from just a batch test. However, it is useful to make these sorption distinctions in 

theory. In this study, all removal processes are included, from surface adsorption and 

absorption to complexation, ion-exchange, and precipitation. For convenience the general 

term sorption will be used when it is not clear exactly what processes is occurring. 
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3.5.1 Surface Properties 

The surfaces of the particles can be charged in a pH-dependent and pH-nondependent way. 

The nondependent charge can often be found on minerals caused by isomorph substitution. 

This charge can be both positive and negative depending on which ions in the structure 

were taken away and which ones were replacing it (Essington, 2004). The pH-dependent 

charge is caused by groups on the particle surface like silanol groups (Si-OH), inorganic 

hydroxyl groups (OH) or organic functional groups (Bradl, 2004). As these groups can 

absorb or release H+ at different pH, the charge of the surfaces changes. In addition to these 

reactions creating a charge that attracts / repels ions, these charged groups also participate 

in surface complexation (See section 3.5.4 Complexation). 

3.5.2 Adsorption 

Adsorption is a mass transfer operation in which substances present in a liquid phase are 

bound or accumulated on a solid phase and thus removed from the liquid. In adsorption 

theory, the basic terms shown in figure 4 (Worch, 2012) are used. The constituent that 

undergoes adsorption onto a surface is referred to as the adsorbate, and the solid onto 

which the constituent is adsorbed is referred to as the adsorbent (Crittenden, et al., 2012). 

By changing the properties of the liquid phase (e.g. concentration, temperature, pH) 

adsorbed species can be released from the surface and transferred back into the liquid 

phase. This reverse process is referred to as desorption (Worch, 2012). 

 

 

Figure 4. Basic terms of adsorption (Worch, 2012). 

 

The dissolved species are concentrated on the solid surface by physical attraction (physical 

adsorption) to the surface or by chemical reaction (chemical adsorption).  

Physical adsorption is a rapid process caused by nonspecific binding mechanisms such as 

van der Waals forces (dipole-dipole interactions, dispersion forces, induction forces), which 

are relatively weak interactions. Physical adsorption is reversible, that is, the adsorbate 

desorbs in response to decrease in solution concentration. Physical adsorption is also less 

specific for which compounds sorb to surface sites and operates over longer distances, 

which allows formation of multiple layers (Worch, 2012). 
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Chemical adsorption, or chemisorption, is more specific because there is a chemical 

reaction happening that involves the transfer of electrons between adsorbent and 

adsorbate, and a chemical bond with the surface can occur. Adsorbates bound by chemical 

adsorption to a surface generally cannot accumulate more than on molecular layer because 

the bond between adsorbate and surface is so specific. This bond may be specific to 

particular sites or functional groups, mentioned in section 3.5.1, on the surface of the 

adsorbent. Chemical adsorption is generally not reversible and desorption, if it occurs, is 

accompanied by a chemical change in the adsorbate (Crittenden, et al., 2012). Yet it has to 

be noted that the differentiation between physical and chemical adsorption is widely 

arbitrary, and the boundaries are fluid (Worch, 2012). 

3.5.3 Absorption 

In contrast to adsorption, absorption is defined as transfer of a substance from one bulk 

phase to another bulk phase. Here, the substance is enriched within the receiving phase and 

not only on its surface. The dissolution of gases in liquids is a typical example of absorption. 

It is not easy to distinguish between adsorption and absorption. Therefore, the more 

general term sorption is preferred to describe the phase transfer between the liquid and 

the solid in natural systems. The term sorption comprises adsorption and absorption. 

Moreover, the general term sorption is also used for ion exchange processes on mineral 

surfaces (Worch, 2012).  

3.5.4 Complexation 

Most solids possess functional groups such as (SH)-, (OH)- or (COOH)-groups on their 

surfaces, as described in section 3.5.1. These deprotonated ligands, e.g. (RCOO−), behave as 

Lewis bases and sorption of metal cations can be interpreted as competitive complex 

formation. If a surface functional group reacts with an ion or a molecule dissolved in the 

solution to form a stable molecular unit, a surface complexation exists. Two broad 

categories of surface complex are distinguished on structural grounds. If no water molecule 

is interposed between the surface functional group and the ion or molecule it binds, the 

complex is inner-sphere. If at least one water molecule is interposed, the complex is outer-

sphere, see figure 5. As a general rule, outer sphere surface complexes involve electrostatic 

bonding mechanisms and therefore are less stable than inner sphere surface complexes, 

which necessarily involve either ionic and/or covalent bonding (Sposito, 1989). 
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Figure 5. Illustration of the structure of the electrical double layer (Bourg & Sposito, 2011). 

If a solvated ion does not form a complex with a charged surface functional group, but 

instead neutralize surface charge only in delocalized sense, it is said to be adsorbed in the 

diffusive-ion swarm, see figure 5.  

The difference between the term adsorption and complexation is not always clear and can 

on paper appear to be the same. Tan (2003) stated that “It is up to the reader whether or not 

to accept the inner-sphere theory as an adsorption process”. Figure 6 tries to, in a simplified 

way, illustrate the main difference between adsorption and complexation between Zn and 

humic acid. Adsorption is an electrostatic attraction of Zn2+ by the negatively charged humic 

acid while complexation is a coordinate covalent bond through electron-pair sharing. In this 

case the Zn is bonded and becomes an integral part of the humic acid (Tan, 2003). 

 

Figure 6. Illustration of the difference between adsorption and complexation (Tan, 2003). 
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3.5.5 Ion Exchange 

Ion exchange is the replacement of an ion in a solid phase in contact with a solution by 

another ion. More specifically, it is the replacement of an adsorbed, readily-dissolved? ion 

by another (Sposito, 1989). The electrostatically binding between the metal cation and the 

negatively charged particle surface is one of the weakest of sorption processes. The 

strength of the bond is mostly governed by the ion charge and ion radius. Ions with greater 

charge and larger radius are best adsorbed because they are least hydrated (surrounded by 

water molecules) and thus can come closer to the surface (Lindquist, 2005). 

Although a simple concept, in reality ion exchange can be a highly complex process. The 

meaning of “ion exchange reaction” is as stated above the replacement of one adsorbed, 

readily exchangeable ion by another. On the molecular level however, ion exchange is a 

surface phenomenon involving charged species either in outer-sphere complexes or in the 

diffuse-ion swarm (Sposito, 1989). 

3.5.6 Precipitation 

The process of adsorption can be contrasted with that of precipitation, which is 

characterized by the growth of a new solid phase that repeats itself in three dimensions 

(Essington, 2004). Metals may precipitate as oxides, hydroxides, carbonates, sulphides, or 

phosphates. Precipitation can occur as a pure precipitate, surface precipitate, and/or by co-

precipitation with another mineral. The process depends on the pH and the relative 

quantities of anions to metals present in the solution (Bradl, 2004).   

Precipitation is common when ions are present in relatively high concentrations. But for 

metals naturally present in low concentrations, precipitation is not likely. Precipitation is 

more dominant as a removal process at high metal concentrations and high pH. At low metal 

concentrations, solubility is often significantly lower than the ionic activity product predicts, 

which indicates that surface complex reactions control solubility (Lindquist, 2005). 

However, Bradl (2004) has shown that surface precipitation of hydrous oxide-type soil 

constituents occurs at pH values lower than those required for metal hydroxide 

precipitation in pure solutions without soil.   

One way to evaluate if precipitation is a possible removal mechanism is to use geochemical 

modelling software like Visual MINTEQ and PHREEQ-C. These programs can for instance 

calculate the saturation index (SI). The saturation index is useful to determine if the 

solution is saturated, undersaturated, or supersaturated with respect to a given mineral. 

Minerals with IS > 0 are over-saturated and might precipitate. A key factor to remember is 

that the reaction rate is not considered in the model. For that reason, a positive SI does not 

necessarily mean that precipitation will occur.  

3.5.7 Influencing Factors 

There are several factors that effects the sorption process. Some of them are related to the 

laboratory design while others are related to the metals or sorbents used.  
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pH 

pH is the most important factor that influence the sorption. It can do this in three ways. 

Firstly, as mentioned in section 3.5.1, the state of functional groups can change with pH; at 

lower pH, the groups are protonated, and a competition starts between metal ions and 

protons for the sites. Secondly, high pH values can alter the surface of the adsorbent. Lastly, 

the metal species in solution is pH dependent, and at higher pH values, metal hydroxide 

complexes are created, and precipitation can occur (Sen, et al., 2015). For example, Genç et 

al. (2016) found that increasing the pH until pH 8 improved the Cd, Cu, Ni and Zn removal, 

but further pH increases above this pH had no major effect (within the pH range of 4–9). In 

comparison a higher pH value decreased the removal of arsenic (As) and Cr.  

Temperature 

Some studies have shown that temperature can be an influencing factor. A sorption 

experiment with peat at varied temperatures (5, 10, 15 and 21°C) showed a decrease of 

sorption capacity for Cu, Ni and Zn with increasing temperature (reference). This indicated 

that the sorption of these metals was an exothermic process. By contrast the same 

experiment showed that an increase in temperature increased the sorption of mercury 

(Viraraghavan & Dronamraju, 1995). This might indicate that certain sorption mechanisms 

may be more relevant for some metals than others.  

Ligands 

Ligands present in the solution, for example DOC, Cl-, NO3-, SO42-, can influence the sorption 

of a metal by forming a soluble complex that might be more or less attracted to a surface 

than the metal ion in itself. The ligand can also modify the surface characteristics of the 

sorbent through exchange interactions (Essington, 2004).   

 

Figure 7. Diagram of the effects of soluble ligands on metal sorption (Sposito, 1989). 
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Generally, ligand effects on metal sorption can be classified as follows, see figure 7 (Sposito, 

1989). 

1. The ligand has a low affinity for the metal and for the sorbent (step 1). 

2. The ligand has a high affinity for the metal and forms a soluble complex with it, and 

this complex has a low affinity for the sorbent (steps 2 and 3). 

3. The ligand has a high affinity for the metal and forms a soluble complex with it, and 

this complex has a high affinity for the sorbent (steps 2-4).  

4. The ligand has a high affinity for the sorbent, and the sorbed ligand has a low affinity 

for the metal (step 5).  

5. The ligand has a high affinity for the sorbent, and the sorbed ligand has a high affinity 

for the metal (steps 5-7).  

6. The metal has a high affinity for the sorbent, and the sorbed metal has a high affinity 

for the ligand (steps 1, 8, and 9).  

It is apparent that the presence of ligands, especially dissolved organic matter, can affect 

the removal of metals by creating complexes. Genç-Fuhrman et al. (2016) showed in several 

batch tests that the presence of humic acid suppressed the removal of As, Cd, Cu, Ni and Zn, 

whereas it increased the Cr removal using bauxsol coated sand possibly due to the 

formation of dissolved metal-humic acid species. Twardowska and Kyziol (2003) carried 

out sorption tests with Metal–Cl and Metal–SO4 salts which showed that the presence of Cl- 

significantly lowered the maximum sorption capacity of Zn and Cd compared to SO42. 

Practically no change of sorption capacity was observed for Cu.  

Laboratory design 

There are several ways the experimental method can affect the sorption process. 

Quevauviller et al. (1994) investigated how the shaking types and speed influenced the 

amounts extracted metals in sediments. With horizontal shakers at a speed less than 40 

rpm, lower amounts of metals were extracted compared to speeds up to 150 rpm. With 

rotary shakers running at 30 rpm, 20% more Cu extracted, compared horizontal shaker at 

130 rpm. 

Abrasion of the sorbent due to high shaking speeds can also lead to difficulties to get 

representative analyses. For that reason, it is crucial to record the type of shaker and its 

speed to assure reproducible and reliable results (Huber, et al., 2016). It is also important 

to remark that the amount of sorbent (the solid to liquid ratio) also alters the sorption by 

changing the sorption capacity (Sen, et al., 2015).  

Metals  

When there is only one metal available, the sorption is non-competitive. In stormwater 

however, there are a range of metals available for the sorption. These metals may suppress 

each other, which is called competitive sorption.  
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There are several metal properties like ionic radius, electronegativity and its tendency to 

hydrolyse that has been suggested to influence the metals affinity to sorb. Depending on 

what sorption mechanism is responsible for the sorption, like ion exchange or complexation, 

a group of metal properties can explain the likely order of metal sorption. Listed in table 4 

are the trends in metal sorption predicted by these metal properties.  

Table 4. Metal sorption trends, adapted from (Holmberg, 2006).  

Property 
 

Trends 
 

Mechanism Reference 

A. Properties related to electrostatic interactions (physical adsorption or ionic bonding)  
 
Charge and 
hydrated radius, 
hydrated ion size  
 

Pb2+ > Ni2+ > 
Cd2+ > Cu2+ > 
Zn2+ 
 

Ions with the higher charge and the 
smaller hydrated radius have higher 
affinity; greater polarization facilitates 
electrostatic ion exchange.  
 

(Xiao & 
Thomas, 2004; 
Sparks, 1995; 
Helfferich, 
1962) 

Ionic Potential 
(Charge-to-
radius ratio)  
 

Ni > Cu > Zn > 
Cd > Pb  
 

Effect on ionic bonding - strongest bond 
formed by the metal with the greatest 
charge-to-radius ratio. Removal of metals 
from solution is sequential according to 
the ionic potential.  

(McBride, 
1994; Ong & 
Swanson, 
1966) 
 

B. Properties related to covalent bonding and complexation  
 
Electronegativity  
(Pauling)  

Cu > Ni > Pb > 
Cd > Zn  
 

The more electronegative metals should 
form the strongest covalent bonds with O 
atoms on any particular mineral surface.  
 

(Brown, et al., 
2000; McKay & 
Porter, 1997; 
McBride, 1994)  
 

Irving-Williams 
order of 
complexing 
strength (metal 
ion radius & 
electron 
configuration)  

Cu > Ni, Zn  
 

Divalent metals of smaller radius 
generally from the stronger complex 
with organic ligands. But for transition 
metals, it is a factor of both radius and 
electron configuration.  
 

(McBride, 
1994; Sposito, 
1989) 

 

3.6 Sorption Equilibrium and Isotherms 

Sorption equilibrium is established when a sorbate containing phase has been contacted 

with the sorbent for sufficient time, with its sorbate concentration in the bulk solution is in 

a dynamic balance with the interface concentration (Foo & Hameed, 2010).  

A typical way to present this equilibrium in adsorption and ion-exchange systems is the 

equilibrium isotherm. The equilibrium isotherm represents the distribution between the 

sorbed phase and the solution phase at equilibrium. This isotherm is characteristic for a 

specific system at a particular temperature (Inglezakis & Poulopoulos, 2006). Such 

isotherms can be used to compare different sorbents, as well as compare the affinities of 

different substances for the same sorbent.   
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There are surface complexation models for describing the adsorption of ions onto a charged 

surface. However, they are usually quite complex when a large number of equations has to 

be combined. Therefore, simplifying assumptions often have to be made which gives 

relatively strong limitations of such equilibrium model results. Consequently, for practical 

reasons, the conventional adsorption isotherm equations described below are frequently 

used to describe the adsorption equilibria instead of applying a complex formation model 

(Worch, 2012). 

Over the years, a wide variety of equilibrium isotherm models have been formulated. The 

most commonly used equilibrium models for metal adsorption used in studies are 

Freundlich and Langmuir isotherms. 

The Freundlich isotherm, which is an empirical model, can be applied to non-ideal sorption 

on heterogeneous surfaces as well as to multilayer sorption. It is assumed in the model that 

the stronger binding sites are taken first, and that binding strength decreases with 

increasing site occupation (Sen, et al., 2015). The Freundlich isotherm is often criticized for 

lacking a fundamental thermodynamic basis since it does not reduce to Henry’s law at low 

concentrations (Sen, et al., 2015). 

The following equation is used to define the Freundlich isotherm.  

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛𝐹     (eq. 1) 

qe is the equilibrium value of sorbate uptake by the sorbent (mmol/g) 

Ce is the equilibrium sorbate concentration in the bulk solution (mmol /l) 

KF is the Freundlich constant indicative of the relative adsorption capacity of the sorbent 

(mmol/g) 

1/nF is a dimensionless heterogeneity parameter  

The Langmuir equation is theoretically derived to describe the adsorption of gas molecules 

by a solid surface, and assumes the following (Essington, 2004): 

 Adsorption occurs at specific locations (or sites) on a surface.  

 All adsorption sites are identical in character; the surface is homogeneous. 

 A monolayer of adsorbed molecules is formed on the surface and an adsorption 

maximum is achieved as the monolayer becomes filled by the adsorbate.  

 The heat or energy of adsorption is constant over the entire surface.  

 Adsorbed species do not interact.  

 The volume of the monolayer and the energy of adsorption are independent of 

temperature.  

 Equilibrium is attained. 
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When these assumptions are met in a physical system, the adjustable parameters that are 

empirically determined from an adsorption isotherm have physical meaning. The Langmuir 

equation is: 

𝑞𝑒 =
𝑄𝐿𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
      (eq. 2) 

QL is the maximum metal uptake by the sorbent (mmol/g) 

KL is the Langmuir adsorption constant of the sorbate (l/g) 

Despite not always fulfilling the assumptions, the Langmuir model is useful in metal 

sorption studies because it gives the QL and KL. The KL parameter express the affinity of the 

sorbent for the metal (lower value, higher affinity) and QL the maximum metal uptake. In 

sorbents a high QL and low KL is often sought (Sen, et al., 2015). 

Sips isotherm is a mixture of the Langmuir and Freundlich models and should describe 

heterogeneous surfaces considerably better. At low metal concentrations, it reduces to a 

Freundlich isotherm, while at high metal concentrations, it predicts a monolayer sorption 

capacity distinctive of the Langmuir isotherm (Sen, et al., 2015). The model can be written: 

𝑞𝑒 =
𝑄𝑆𝐾𝑆𝐶𝑒

𝑛𝑆

1+𝐾𝑆𝐶𝑒
𝑛𝑆     (eq. 3) 

QS is the maximum metal uptake by the sorbent (mmol/g) 

Ks is the sips constanst related to energy (affinity) of adsorption  

nS is the index of heterogeneity  

3.7 Kinetics 

Sorption equilibrium is not reached instantaneously and to predict at what rate the metals 

will be removed is an important factor to know in a sorption treatment system. The 

sorption process can be characterized by the following consecutive steps (Worch, 2012).  

1. Transport of the adsorbate from the bulk liquid phase to the hydrodynamic 

boundary layer localized around the sorbent particle. 

2. Transport through the boundary layer to the external surface of the adsorbent, 

termed film diffusion or external diffusion. 

3. Transport into the interior of the sorbent particle (termed intraparticle diffusion or 

internal diffusion) by diffusion in the pore liquid (pore diffusion) and/or by diffusion 

in the adsorbed state along the internal surface (surface diffusion). 

4. Energetic interaction between the adsorbate molecules and the final adsorption 

sites. 

The sorption rate can be controlled by one of these steps, but a combined effect of a few 

steps is also possible (Plazinski, et al., 2009). In order to determine which step is 
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contribution to the overall sorption rate, numerous kinetic models have been formulated. 

The pseudo-second order kinetic equation is one of the most popular ones and is generally 

associated with the case when step four (seen as a kind of chemical reaction) controls the 

sorption rate. The equation is however not the actual model of sorption kinetics in its 

physical sense. It may correspond too many different kinetic models, approximating them 

well (Plazinski, et al., 2009).  The most regularly used form of the pseudo-second order 

equation is presented in equation 4.  

𝑡

q(t)
=

1

𝐾𝑞𝑒
2 +

𝑡

𝑞𝑒
    (eq. 4)  

where q(t) is the sorbed amount metals at each time step (μg/g) 

t is the time (min) 

k is a rate constant related to how fast equilibrium is reached (g/μg∗min) 

qe is the approximated equilibrium sorption (μg/g) 

Experimental studies have shown that the value of k strongly depends on the operating 

conditions like initial metal concentration, pH, temperature, and agitation rate (Plazinski, 

et al., 2009).  

3.8 Sorption Studies  

Many studies have been made on the potential of various materials potential to sorb metals 

from stormwater, wastewater and leachate. Peat and bark have been thoroughly 

investigated for their metal sorption properties and the interest in biochar has been 

growing the recent years. While there are studies on polypropylene and its metal sorption 

capacity, there are not as many, and no metal sorption studies on milkweed have been done 

to this date. Table 5 shows a summary of the metal removal ability of the sorbents used in 

this thesis from a range of published studies.   
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Table 5. Overview of selected studies on metal sorption showing maximum capacities in 

(mg/g).  

 Cu Zn Pb Ni Cd Comments Reference 

Biochar 
56.5 38.6    

2.5 -  320 mg/L initial conc.  
Single metal  
2 g/l sorbent 

(Park, et al., 
2017) 

 
12.5 11.0    

(6.4 - 327 mg/L) initial conc. 
Single metal 
5 g/l sorbent 

(Chen, et al., 
2011) 

 48.4 
– 

54.4 

31.6 
– 

32.8 
  

31.9 
–

51.4 

(0 - 327 mg/L) initial conc. 
Single metal 
5 g/l sorbent 

(Xu, et al., 
2013) 

Bark 20.6 
– 

22.8 

12.1 
– 

12.2 

63.4 
– 

72.5 
  

(6.4 - 98 mg/L) initial conc. 
Single metal 
0.4 - 6 g/l sorbent 

(Jang, et al., 
2005) 

 
4.9 3.4 20.1   

10 - 500 mg/l initial conc. 
Single metal 
10 g/l sorbent 

(Täljemark & 
Öberg, 2003) 

 
9.47   6.28 14.1 

100 - 400 mg/l initial conc. 
Single metal (and binary) 
9.2 g/L sorbent 

(Al-Asheh & 
Duvnjak, 
1998) 

Polypro-
pylene  161 202 247  221 

250 mg/l initial conc. 
Singe metal (and binary) 
5 g/l sorbent 

(El-Hag Ali, 
et al., 2008) 

 
3.9 0.75 4.9  0.98 

5 mg/L initial conc.  
Multi metal  
10 g/l sorbent 

(Mavlyankari
ev & Rhee, 
2007) 

Peat 
12.1  

113.
9 

9.4  
25 - 300 mg/l initial conc. 
Single metal system 
0.55 g/l sorbent 

(Ho, et al., 
2002)  

 
47.1 

– 
47.3 

32.0
–

44.3 
  

33.2
– 

61.1 

5000 mg/l initial conc. 
Single metal 
 
 

(Twardowsk
a & Kyziol, 
2003) 

 
18.0 11.7   21.1 

Single metal (McKay & 
Porter, 
1997) 

 

As seen in table 5 the values do not only vary between the sorbent types but also within 

each type of sorbent. This has to do with the fact that there are many different kinds of bark, 

peats, biochars and polypropylenes.  More importantly thou is the fact that these values can 

be altered by changing the sorption parameters and therefore are not to be considered as 

sorbent specific.  
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4 Materials and Methods 

4.1 Sorbents 

Five materials were included in this study; bark, peat, milkweed, air blown polypropylene 

and biochar. The chosen materials, except milkweed, have shown promising results for 

sorption of metals commonly found in storm water and have in some cases already been 

used in catch basin inserts.  

The bark tested was Zugol, a commercially available pine-based product (85-90% pine bark 

which is sorted, dried and granulated and 10-15% pine wood fibres) with no chemical 

additives (Zugol, 2017). The biochar was a product called Biomedia which is commercially 

available and produced from wood (Swehydro, 2017). Peat, milkweed and the air blown 

polypropylene were provided by Rent Dagvatten AB.  

Bark, peat and biochar exhibit a variety of particles sizes. Despite this no sieving or crushing 

of the material was carried out to retain the material properties as far as possible before 

the batch test. The filter media is not usually sieved before it is used in full-scale catch basin 

inserts. Grinding and sieving would also change the relative surface and thus the adsorption 

capacity. This can however make the reproducibility of the experiments more difficult. The 

milkweed and polypropylene (figure 8b) had a more fibrous structure then the three 

sorbents in figure 8a. They also had a hydrophobic tendency and thus resist wetting very 

well. 

 

Figure 8. Materials used in the adsorption from left to right a: peat, bark and biochar. b: air 
blown polypropylene and milkweed. 
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All materials were dried at room temperature for at least 24 hours before the batch tests. 

Drying at higher temperature could possibly change the properties of the material. 

4.2 Initial Concentrations of Cu and Zn 

It is documented that the concentrations of metals in stormwater can vary several orders 

of magnitude (table 2). In this study, an attempt was made to use realistic concentration 

ranges. The lowest concentration was around the limit values proposed for discharge into 

fresh surface waters (Jacobs, et al., 2009), the higher representing extreme conditions such 

as snowmelt or first flush concentrations. The highest were chosen to ensure maximum 

equilibrium concentrations to be reached?, which were high but still fairly relevant for 

stormwater. This resulted in the initial concentrations shown in Table 6. 

Table 6. Initial concentrations of Cu and Zn used in the batch tests. 

 Cu (µg/l) Zn (µg/l) Cu+Zn (µg/l) 

 50 50 50+50 
 100 100 1000+1000 
 500 500 10,000+10,000 
 1,000 1,000 50,000+50,000 
 10,000 10,000 100,000+100,000 
 50,000 50,000 - 
 100,000 100,000 - 

 

4.3 Batch Equilibrium Test 

The batch equilibrium adsorption experiments were carried out using the metal solutions 

presented in table 6. The batch tests were first conducted with each metal separately with 

the aim to identify how effective each filter material is for removal of each sorbate (Cu and 

Zn). The required concentrations of the metals were obtained by step-by-step diluting the 

stock solutions at 1 g metal/l. The stock solutions were prepared by dissolving the source 

chemicals CuSO4∗5H2O and ZnCl2 in deionized water. For the sorbents peat, bark and 

biochar, 2.5 g of material was placed in 250 ml aquatic solution, in 1-liter PE flasks, to 

achieve the solid to liquid ratio of 10 g/l. The solid to liquid ratio for milkweed and 

polypropylene were set one magnitude less at 1 g/l due to lack of material. The density of 

these materials is also considerable less and therefore less material would be in contact 

with the stormwater in a filter. 
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Figure 9. Ongoing batch test 

The batches were then shaken at 200 rpm using a rotatory shaker (figure 9) for 24 hours at 

room temperature (19 Cº). This amount of time was chosen to ensure equilibrium for all 

sorbents and metals. Neither pH nor ionic strength were adjusted before or during the 

batch experiment. The initial pH was between 5.5-6.5 with some exceptions (see appendix 

A). pH was also measured after the completion of the shaking time to record possible pH 

variations from the starting values (see appendix A). The used 24 h shaking time and 10-

0,1 g/l solid to liquid ratio may overestimate the real removal of metals occurring in catch 

basin inserts (Genç-Fuhrman, et al., 2007), but were used in this study to compare the 5 

sorbents under equal conditions. Later, the batches were taken from the shaker and a 

sample was extracted, filtered through a syringe filtration filtropur 0.45 µm membrane and 

dispensed to small PE sample bottles. The filtered samples were then stored at 4 Cº until 

analysis.  

Since bark, peat and biochar in other studies have shown to have varying affinity for metal 

ions an attempt was made to determine how these sorbents sorption capacity was affected 

by solutions containing two metal ions respectively. For this purpose, metal solutions Cu2+ 

/ Zn2+ were prepared according to table 6. The binary tests were then performed in the 

same way as the single metal tests. 

Two sets of control batches were used in this experiment. The first control was made to 

determine whether any losses occurred due to sorption of the metals on the flasks during 

the shaking or additions due to contaminations when handling the samples. This was done 

by adding the solutions to PE-flasks without adding any sorbents. The second control was 

done by adding the sorbents to the PE-flasks, but instead of the solutions in table 6, ionized 

water was used. This was done to see if the sorbents would release any metals. Dissolved 

organic carbon and total phosphorus were also analysed in these control batches. These 

batch tests were carried out in the same way as described above. 
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4.4 Batch Kinetic Test 

Adsorption kinetic tests were carried out to determine removal rates for shaking times 

similar to contact times in catch basin inserts. Long retention times cannot be achieved in 

catch basin inserts for several practical reasons (e.g. high flows and limited space). The 

kinetic tests were only done for the sorbents that showed promising results in the batch 

equilibrium, namely bark, peat and biochar. The sorbents were tested in duplicate using 

1000 μg/l binary metal solutions (i.e., each concentration of Cu and Zn was 1000 μg/l) and 

a solid-to-liquid ratio of 10 g/l, the same as in the batch equilibrium test described in section 

4.3, and were prepared in the same way as described in the batch equilibrium test.  

The batches were then shaken for predetermined amounts of time, i.e. 1, 5, 15, 30 and 60 

min. These shaking times were considered to be relevant for practice as they are similar to 

contact times achieved in catch basin inserts and can give useful information for on-site 

full-scale applications. 

4.5 Analyses 

4.5.1 Water Analyses 

All samples were analysed at ALS Scandinavia, a commercial laboratory accredited by 

SWEDAC. The metal samples were analysed with ICP-SFMS according to the SS EN ISO 

17294-1, 2 (modified) and EPA-method 200.8 (modified). Concentrations of total 

phosphorus was determined using discrete spectrophotometry and determination of 

phosphorus as P2O5 and PO43- by calculation from measured values (based on CSN EN ISO 

6878 and CSN ISO 15681-1). Dissolved organic carbon (DOC) was determined by IR 

detection (based on CSN EN 1484, CSN EN 16192, SM 5310). Further information and the 

methods quantification limits are given in appendix A.  

4.5.2 Data Analyses 

The solid phase metal concentrations, qe (µg/g; mmol/g), i.e. the sorbed amount of Cu and 

Zn on each sorbent, were determined by analysing the concentrations before and after the 

batch tests.   

𝑞𝑒 =
𝑉𝐿

𝑚𝐴
 (𝑐0 −  𝑐𝑒)    (eq. 5) 

Where VL is the volume of solution used in the flasks during the batch experiment 

mA is the dry weight of sorbent (g) 

c0 is the initial concentration of the metal in solution (µg/l; mmol/l). 

ce is the equilibrium concentration in the solution after 24 hours of shaking (µg/l; mmol/l). 

The data for the batch equilibrium test was then evaluated with the Freundlich, Langmuir 

and Sips adsorption isotherms (equations 1, 2 and 3). The kinetic sorption was evaluated 
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with the pseudo-second order model (equation 4). These are further explained in section 

3.6 and 3.7.  

The Langmuir, Freundlich and Sips isotherm equations were fitted to the observed data 

with the software CurveExpert 2.6 and 1.4 which uses the Levenberg-Marquardt method to 

solve nonlinear regressions. The best non-linear regression was thereafter evaluated with 

Akaike’s Information Criterion (AIC test). The AIC-test provides a means for isotherm 

model selection by estimating the quality of each model, relative to each of the other models. 

4.5.3 Metal Speciation and Saturation Indices Analysis 

The chemical equilibrium software Visual MINTEQ 3.1 was used to calculate the species of 

the different metals as well as to investigate which metals might precipitate. The input data 

was the different initial metal concentrations in the binary metal batch test and the pH. The 

temperature was set to 19°C because all experiments were carried out at this temperature. 

As inputs to the simulations, it has been assumed that all Cu and Zn have been found as 

divalent ions, Cl as monovalent ion and S as sulphate ions. 

 

  

https://en.wikipedia.org/wiki/Model_selection
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5 Results 
Below are the results from the batch tests conducted on the different filter materials. The 

values presented are averages of the duplicates if nothing else is specified.  

5.1 Single Equilibrium Batch Test 

The sorption capacity at various single metal concentrations are presented in figure 10 for 

the five materials. At the lowest initial concentration (50 µg/l) the Cu sorption capacity for 

milkweed (figure 10C) was highest (29.1 µg/g) compared to the other materials (3.56 µg/g 

for bark (figure 10A), 3.86 µg/g for peat (figure 10B) and 4.29 µg/g for biochar (figure 

10D)). The relatively high sorption capacity for milkweed here can be explained partly 

because of a lower solid-to-liquid (S/L) ratio. The maximum Cu sorption capacity at the 

highest initial concentration (100,000 µg/l, expect milkweed that had the highest initial 

concentration at 10,000 µg/l) was found to be highest for biochar at 9870 µg/g, 7135 µg/g 

for peat, 4150 µg/g for bark, and 550 µg/g for milkweed. For Zn the lowest initial 

concentration gave the sorption capacity 6.86 µg/g for peat, 4.33 µg/g for bark, 3.69 µg/g 

for milkweed and 2.48 µg/g for biochar. The maximum capacity was 4725, 3220, 168, 6860 

µg/g for the materials, respectively.  

For polypropylene no clear sorption trend could be seen (figure 10E). No isotherm fit could 

either be found to the polypropylene sorption data and will therefore not be mentioned 

more in the result section.  

Worth to note is that milkweed had lower S/L ratio and thus the sorption capacity of this 

material is not directly comparable to the ones of the other investigated materials.  

Since bark, peat and biochar showed the highest sorption capacities in the sorption test 

these materials were further investigated in the binary solution sorption test and kinetic 

test (see section 5.3 and 5.4).  
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Figure 10. Sorption of Cu and Zn per gram sorbent bark (A), peat (B), milkweed (C), biochar 
(D), and polypropylene (E), and the corresponding removal in percent. 
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5.2 Isotherms  

In this section the adsorption isotherms are presented for four materials for both Cu and 

Zn (figure 11). The isotherms show the equilibrium portioning relationship in the single 

metal sorption systems between the sorbed phase and the equilibrium concentration at the 

constant temperature at 19 °C.  

 

 
Figure 11. Cu isotherm fits for bark (A), peat (B), milkweed (C) and biochar (D). 

 

A B 

C D 
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Figure 12. Zn isotherm fits for bark (A), peat (B), milkweed (C) and biochar (D). 

Many researchers estimate the isotherm parameters by linear analysis. However, this 

approach has been found to cause a discrepancy between the predictions and experimental 

data in some cases. Non-linear isotherm models can therefore be more powerful and viable 

in modelling the adsorption isotherm data (Chen, 2015) and were therefore used in this 

study.   

Table 7 summarize the parameters calculated from the isotherm model fit in figure 11 and 

12.  The coefficient of determination, a way to evaluate how well the model fits the observed 

data, is also presented in table 7. Not surprisingly did the Sips isotherm model had the best 

fit to the observed data with R2 at 0.99 and above, which can be explained by the fact that it 

has three adjustable parameters. Langmuir had almost as good fit to the data for all sorbents 

but peat, where Freundlich fitted the data better.  

 

A B

 

C

 

D
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Table 7. Isotherms parameters and coefficient of determination for Sips, Langmuir and 
Freundlich isotherm.  

Cu Sips Langmuir Freundlich 

  QS KS nS R2 QL KL R2 KF 1/nF R2 

Bark 0.092 2.57 0.75 0.9997 0.075 6.31 0.9959 0.07 0.429 0.9868 

Peat 0.217 1.70 0.58 0.9969 0.136 10.16 0.9876 0.16 0.418 0.9914 

Milkweed 0.009 81.5 0.90 0.9949 0.009 140.98 0.9941 0.016 0.289 0.9232 

Biochar 0.177 1950 1.45 0.9999 0.230 103.28 0.9969 1.619 0.598 0.9859 

Zn Sips Langmuir Freundlich 

  QS KS nS R2 QL KL R2 KF 1/nF R2 

Bark 0.054 9.90 0.94 0.9998 0.053 12.59 0.9997 0.053 0.392 0.9626 

Peat 0.107 2.43 0.60 0.9992 0.076 13.68 0.9874 0.083 0.374 0.9882 

Milkweed 0.015 1.06 0.75 0.9989 0.004 14.05 0.9994 0.011 0.689 0.9987 

Biochar 0.131 7.30 0.73 0.9927 0.116 19.70 0.9885 0.15 0.384 0.9645 

 

The best non-linear regression was evaluated with Akaike’s Information Criterion (AIC 

test). The AIC test determined that the likelihood of Langmuir being the better model than 

Freundlich was 98.3 % for bark (Cu), 99.8% for milkweed (Cu), 99.5% for biochar (Cu), 100% 

for bark (Zn), 87.7 % for milkweed (Zn) and 98.1 % for biochar (Zn). Freundlich was 78.3 % 

(Cu) and 98.9% (Zn) more likely to be the better model for peat.  

5.3 Binary Equilibrium Batch Test  

The sorption capacity at various initial concentrations using single and binary solutions are 

presented in figure 13 for the five materials. The binary sorption capacity for each metal is 

presented together with the single system to visualize the competitive sorption 

characteristics.  
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Figure 13. Sorption of Cu and Zn per gram sorbent in single and binary solutions for filter 
media bark (A), peat (B) and biochar (C). 

The data was somewhat inconclusive, but a general trend could be seen where the sorption 

of Cu and Zn by the sorbents was just slightly affected by the presence of the other metal in 

the binary solution at lower concentrations. In comparison it is evident that Cu has higher 

affinity than Zn at the higher concentrations in the binary solution, on account of the strong 

downward trend seen for Zn. The same data from figure 13 are presented in table 8 for the 

highest concentrations.  
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Table 8. Bark (B), peat (P) and biochar (Bc) sorption capacity in single (50∗103 and 100∗103 
µg/l in total metal concentration, Cu or Zn) and binary batch test (100∗103 µg/l in total metal 
concentration, 50∗103 µg/l Cu + 50∗103 µg/l Zn). 

Concentration (µg/l) Metal sorption capacity (µg/g) 

Cu  Zn  Cu + Zn (binary) 
 B P Bc B B Bc B P Bc 

50∗103 Cu or Zn (single) 2850 3980 4514 2760 3470 4481 - - - 
100∗103 Cu or Zn (single) 4150 7135 9870 3220 4725 6860 - - - 
50∗103 Cu + 50∗103 Zn  2745 3970 4749 1315 2075 1770 4150 6045 6519 

 

The Zn sorption capacity decreased by 52 % for bark, 40% for peat and 60% for biochar at 

the highest concentrations, despite the fact that the total metal sorption capacity in the 

binary system was similar to that obtained for the individual metals, see table 8. 
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5.4 Kinetics  

Sorption kinetics for Cu and Zn are presented in figure 14 below for each material, together 

with the pseudo-second order kinetic models. The procedure of applying the pseudo-

second order kinetic equation for the observed kinetic data is here based on plotting t/q(t) 

against t, giving a linear relationship. 
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Figure 14. Effect of contact time on Cu and Zn sorption in binary solution (left) together 
with plots of the pseudo-second-order kinetic models (right) for bark(A), peat(B) and 
biochar(C). 
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In all cases 86%, or more, of the Cu and Zn were removed within the first 15 min of contact 

with the solution. Peat (figure 14, B1) had the fastest sorption and reached 100 µg Cu/g and 

91 µg Zn/g after just 5 minutes, corresponding to 97 % and 92 % removal. However, it 

seems like the sorption capacity went down after this initial high removal.  Furthermore, 

biochar (figure 14, C1) removed 102 µg Cu/g and 95 µg Zn/g respectively after 60 minutes, 

which corresponds to a removal rate of 99 and 96 %. The same values for bark (figure 14, 

A1) were 92 µg Cu/g and 85 µg Zn/ which adds up to an 89-86% removal.  

Interesting to note is that the colour of the peat sample gradually changed in colour after 

each time step as seen in figure 15. Biochar had no colour change and for bark only a slight 

change could be seen. The discolouration was probably due to an increasing amount of 

dissolved organic matter, such as humic and fulvic acids. pH usually follows this 

discolouration pattern, with a rapid increase in acidity until the peak of discoloration is 

reached (Mitchel & McDonald, 1992). However, these parameters were not measured 

during the kinetic test. 

 

Figure 15. Cu+Zn solution with contact times from right to left 60, 30, 15, 5 and 1 minutes. 

The pseudo-second order kinetic model also gave a good fit which was recognized by the 

linear relationship seen in figure 14 A2-C2. The coefficient of determination was also 

noticeably high (≥ 0.99 for all sorbents). Based on the t/qt vs t plot in figure 14 A2-C2, the 

intercept and the slope were used to calculate the constant K and qe for the pseudo-second 

order model, see table 9. The K parameter in the pseudo-second order equation (equation 

4) is a time scaling factor. When the K value is high, the time required to reach equilibrium 

is relatively short, and vice versa. The other parameter in equation 4, qe, represents the 

amount of metal sorbed at equilibrium. Generally, its value should be equal to those 

established from the measurements of the equilibrium sorption tests (Plazinski, et al., 

2009).  
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Table 9. qe (μg/g) and K (g/μg∗min) from the pseudo-second order kinetic model in figure 14.  

 

qe (Zn)  K (Zn) qe (Cu) K (Cu) 

Bark 87.0 0.014 93.5 0.009 

Peat  83.3 -0.012 100.0 0,167 

Biochar  98.0 0.007 108.7 0.003 

 

5.5 Metal Speciation and Saturation Conditions 

In appendix B, the Visual MINTEQ modelled species for the binary solution at 50 and 

100,000 µg/l are presented. If the amount of free soluble metal ions is large the probability 

is greater that adsorption is effective unlike if the metals create complexes with Cl-, for 

example. At the lower metal concentration (50 µg/l ) the share of divalent metal ions was 

95% for Cu and 99% for Zn. This share was lowered to 88 and 89%, respectively, for the 

higher initial concentration (100,000 µg/l). The decrease seemed to be due to the increased 

amount of soluble metal sulphate species.  

The modelled saturation conditions presented in appendix C can be summarized that the SI 

was mostly negative and only for the highest concentrations the SI was slightly over 0 for 

some minerals.  

5.6 Leaching 

This section presents the data from the control batches that were run parallel with the 

batch sorption test, see table 10. This set included 3 batches with bark, peat and biochar 

without any metal addition, otherwise following the same experimental procedure as 

described in section 4.3. The metal analysis was complemented with a total phosphor 

analysis (P-tot) and dissolved DOC since these components can have negative impact on the 

stormwater quality.  

Table 10. Leached elements from the control batch tests.  

 
As Cd Co Cr Cu Mo Ni Pb Ba Zn P-tot DOC 

 
µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l mg/l mg/l 

Bark <0.5 0.11 0.05 <0.5 1.71 <0.5 <0.5 0.42 27.3 41.8 0.79 134.0 

Peat <0.5 <0.05 0.15 <0.5 1.08 <0.5 0.53 0.44 4.7 18.9 0.06 48.5 

Biochar 5.55 <0.05 0.06 <0.5 <1 0.84 <0.5 <0.2 9.8 6.8 0.54 0.61 
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6 Discussion 

6.1 Sorption Capacity - Single Metal System 

The sorption capacity for the five materials were examined at both high and low 

concentrations since some sorbents are effective at rather high concentrations, but are less 

efficient and may leach specific metals at low concentrations. From the single metal batch 

test biochar seemed to have the best Cu sorption capacity with a ~99% removal, 

independently of the initial concentration. These values varied between 90-42% for bark, 

98-71% for peat and 66-5% for milkweed. The removal rates for Zn varied more and were 

between 99-32 % for biochar, 89-33 % for bark, 97-48% for peat and 48-18% for milkweed.  

It was apparent that the percentage uptake of the metals varied depending on the starting 

concentration. Generally, the uptake ratio was higher for the lower initial concentrations 

and at higher concentrations it decreased. This was expected and most likely indicated that 

the metal concentration approached a saturation of the sorption sites of the sorbents. 

Interestingly, in some cases the highest percentage removal rates were not reached at the 

lowest concentrations but at the intermediate concentrations. This trend was strong for 

bark and notable for peat (figure 10 A and B). One explanation could be that metals leached 

from bark and peat. This was also confirmed in the leaching test presented in table 10. Bark 

leached the highest concentrations of Cu and Zn compared to peat which correlated to the 

stronger trend bark showed. The metal released in the blank tests were not of great concern 

in the batches with higher concentrations because the concentrations were much larger 

than those measured in the blanks. Leaching of Cu and Zn have been measured in similar 

concentrations in other studies (Holmberg, 2006). It was also evident that the removal was 

slightly higher for Cu than Zn for all sorbents. This correlated with the metal sorption trends 

predicted by the metal properties presented in section 3.5.7, table 4. This will be further 

discussed in section 6.3. 

In figure 16 the removal from the single batch test are compared to the proposed guideline 

values for stormwater emissions, seen in table 3. The comparison is between the initial 

concentrations 50-500 µg/l and the highest limit set for operators (40 µg/l Cu, 150 µg/l Zn, 

solid line in figure 16) and the lowest for direct release to smaller lakes and rivers (18 µg/l 

Cu, 75 µg/l Zn, dotted line if figure 16) (Stockholms län, 2009).  
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Figure 16. Removal of Cu and Zn in the sorption tests at different initial concentrations 
compared to guideline values for stormwater emissions. The dotted line represents the direct 
release limit and the solid line is the limit set for operators (Stockholms län, 2009). 

As see in figure 16 all three sorbents showed good to moderate removal capacities 

compared to the limits. The only limits that were exceeded were for bark in the case of Cu. 

However, the highest concentrations are unlikely to occur in stormwater, and when they 

occur the high concentrations can often be attributed to particulate metal and not dissolved, 

see table 2. Furthermore, the comparison with the batch tests and these guideline values 

are not directly applicable since the guideline consider total concentrations and the batch 

tests are carried out with dissolved metals. There are also other parameters that have to be 

considered in full-scale filters, which is further discussed in section 6.6. With this in mind 

no larger conclusions should be drawn from figure 16, but be seen as an illustration of the 

potential removal efficiency of the sorbents.  

6.1.1 Comparing Sorption Studies  

Because of differences in parameters and experimental conditions used, direct comparison 

with other published results should be done cautiously. From table 5 it is apparent that a 

higher initial concentration was used in most studies and generally a lower S/L ratio, which 

gave a higher sorption capacity as anticipated. However, these are not the only factors that 

could account for the differences but could explain partly why, generally, the sorption 

capacity for the sorbents in this study were less than in the studies presented in table 5. 

Chen et al. (2011) showed a slightly higher sorption capacity for biochar than this study (Cu 

12.5 mg/g and Zn 11.0 mg/g compared to 9.9 and 6.9 respectively) while the other studies 

(Park, et al., 2017; Xu, et al., 2013) had approximately five times higher sorption capacities. 

In the bark sorption studies carried out by Täljemark and Öberg (2003), the same S/L ratio 

was used and five times higher initial concentration (500 mg/l). Despite this the sorption 

capacity was also almost the same as in this study with a couple of mg less adsorbed (4.9 
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mg/g compared to 4.2 mg/g Cu and 3.4 mg/g compared to 3.2 mg/g Zn). Jang et al. (2005) 

presented a significantly higher maximum sorption capacity for bark while Al-Ashed and 

Duvnjak (1998) had twice as high maximum sorption capacity for Cu. For peat the sorption 

studies presented in table 5 were considerably higher, from twice to three times as high 

(Ho, et al., 2002; McKay & Porter, 1997) to six to nine times higher (Twardowska & Kyziol, 

2003). The fact that the pH was not adjusted before the batch experiment in this study 

makes it more difficult to directly compare the sorption capacity with other published 

results. 

Polypropylene showed no sorption capacity in this study, which was expected, and was 

therefore not compared to the other studies in table 5. The polypropylene used was 

unmodified and thus lacked active groups to sorb metals. It is crucial to modify 

polypropylene for better material utilization of them (Guo, et al., 2016). In studies where 

polypropylene has been used as a sorbent for metals the surfaces were, in some way, 

modified. Mavlyankari and Rhee (2007) modified polypropylene granules with a coat of 

manganese dioxide and got promising results in rainwater runoff treatment. Even higher 

sorption capacities were found by El-Hag Ali et.al (2008), see table 5.  

6.2 Isotherms 

The isotherm curves in figure 11 and 12 generally had a large, linear increase at low surface 

coverage (low values of qe) followed by a decreased slope with increased surface coverage. 

In other words, the slope of the isotherms did not increase nor stayed constant with 

increased metals sorbed. This is called an L-curve which suggest that the metals had a 

rather high affinity for the sorbent at low surface coverage (Essington, 2004). However, as 

coverage increased, the affinity of the metal for the sorbent decreased.  

The resulting isotherms for the five materials are presented in figure 11 and 12 with the 

fitted Sips, Langmuir and Freundlich isotherm models. As expected the sips isotherm model 

had the best fit to the observed data with R2 at 0.99 and above, as seen in table 7. This can 

be explained by the fact that it has three adjustable parameters. However, there is no reason 

to use more complicated isotherm models if two-parameter models, such as Langmuir and 

Freundlich, can fit the data well (Inglezakis & Poulopoulos, 2006). And as presented in table 

7 the Langmuir isotherm gave almost the same good fit with the Freundlich closely behind. 

It was only for peat that the Freundlich isotherm gave a slightly better fit.  In general, all 

isotherms gave surprisingly good fit. An explanation could be that in this batch test, seven 

batches were used while some authors recommend eight to get enough data points for the 

subsequent isotherm fitting (Worch, 2012). Further, as a consequence of all the batches in 

the lower concentrations end, compared with the highest, several data points were lumped 

together in the beginning of the curve, see figure 11 and 12. This made it seem like there 

were less data points and might partly explain the unusually high coefficient of 

determination for all the isotherm models.  
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The parameters given from each isotherm model fit, summarized in table 7, can be used to 

compare the different sorbents. The maximum sorption capacities are given by QL in the 

Langmuir isotherm and by KF in the Freundlich. If the sorbents were to be ranked based on 

these values it would give the order biochar>peat>bark>milkweed, which is valid both for 

QL and KF. The same order was shown for Zn but the capacities were somewhat smaller. 

Noticeable was that Sips and Langmuir gave approximately the same maximum sorption 

capacity while Freundlich gave a slightly higher sorption capacity than the observed 

maximum capacity. 

The curvature of the isotherm is determined by 1/nF in the Freundlich isotherm model and 

KL in the Langmuir isotherm model. 1/nF is generally not seen to have physical meaning but 

it has been revealed mathematically that this parameter can be used to evaluate the 

heterogeneity of the sorption sites. As 1/nF moves toward 0, surface site heterogeneity 

increases, which indicates that there is a broad distribution of sorption site types. 

Contrariwise, as 1/nF approaches unity, surface site homogeneity increases, which 

indicates that there is a small distribution of sorption site types (Essington, 2004). The 

adsorption constant KL is a measure of the intensity of the adsorption isotherm. The higher 

KL, the higher affinity of the sorbent for the metal. However, the Langmuir parameters 

determined in table 7 have physical meaning only if the assumptions mentioned in section 

3.6 are met in the physical system (Essington, 2004).  These assumptions are generally not 

applicable in these kind of batch tests and thus it is highly uncertain if the assumption can 

be made that KL really reflects the affinity.  

If these parameters were to be evaluated despite these uncertainties, Cu seemingly had a 

very high affinity towards milkweed and biochar. It also appears that there was a small 

distribution of sorption site types for Cu on biochar and Zn for milkweed. This should 

however be carefully interpreted in light of what was written above.   

6.3 Sorption Capacity - Binary Metal System  

Figure 13 shows that the sorption of the sorbents, both for Cu or Zn, was just slightly 

affected by the presence of the other metal in the binary solution at lower concentrations. 

This might suggest that at low concentrations Cu and Zn either bound to different sites or 

that there was a surplus of binding sites so barley no competition took place. By contrast 

there was a significant impact on the Zn sorption at higher Cu concentrations (>50,000 

µg/L). The Zn sorption capacity decreased dramatically for all sorbents, despite the fact that 

the total metal sorption capacity in the binary system was similar to that obtained for the 

individual metals, see table 8. Chen et.al (2011) obtained comparable results studying the 

adsorption of Cu and Zn by biochars produced from pyrolysis of hardwood and corn straw.  

These results evidently indicate that Cu can compete with Zn binding sites at higher metal 

concentrations. The competition was probably due to the higher affinity of the sorbents for 
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Cu than Zn, which agreed with the results from the single metal study where slightly more 

Cu was sorbed, and the trends foreseen in table 4.  

6.4 Kinetics 

The sorption process occurred in what could be seen as two stages. First a quick sorption 

followed by a significantly slower sorption (Figure 14). This result was consistent with the 

two-stage sorption mechanism shown by Plazinski et al. (2009) and Wilde and Benemann 

(1993) who suggested that the first quick sorption stage includes sorption to directly 

available surfaces of the sorbent, and is controlled mainly by the rate of the surface reaction.  

When the adsorbed amount reaches a certain ratio of the equilibrium surface coverage, a 

switch takes place to another kinetic process determined mainly by diffusion into smaller 

pores and stronger bonding to the sorbent and already adsorbed metals. 

The amount of metals sorbed within the initial minutes of contact time was considerable 

for all sorbents at the initial concentration of 1,000 µg/l. Taking all sorbents into account, 

the removal efficiency after 5 minute of contact time was above 83% and above 93% after 

10 minutes for all sorbents. Similar high initial removal has been reported in some other 

studies. Over 80% of the total metal ions were removed, within the first 10 min, by mulch 

in a study by Jang et al. (2005). Nehrenheim and Gustafsson (2008) also showed a fast and 

substantial sorption efficiency already after 100 s onto bark and blast furnace slag.  The 

median of the removal efficiency for Wium-Andersen et.al (2012) after 1 minute was 83% 

and 93% after 10 minutes of contact.  

By contrast, it is apparent that the fast sorption rate for peat in this study was followed by 

a Zn desorption after 15 minutes. This trend was not seen for any other metal or sorbent. 

One explanation for this could be that the initial sorption was quick but weak, possibly ion 

exchange, which would explain that only peat had a better fit to the Freundlich isotherm 

which can have multilayer sorption compared to Langmuir with monolayer. As the contact 

time increased the discoloration from dissolved organic matter also increased gradually, as 

seen in figure 14, with a followed pH increase. The decrease in pH coupled with the 

possibility that Zn formed complexes with these dissolved organic acids could explain the 

increased concentration of Zn in solution.  

The pseudo-second order kinetic model, which can be seen in figure 14 A2-C2, is generally 

valid for heterogeneous systems where the sorption mechanism is, for the most part, 

assigned to chemical sorption (Calugaru, et al., 2017). Comparison between the 

approximated equilibrium sorption (qe), seen in table 9, and experimental equilibrium 

sorption capacities in section 5.3 showed a good agreement. This coupled with a high 

coefficient of determination further supports the pseudo-second order model for the 

sorption kinetics in this study.  
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6.5 Possible Removal Mechanisms  

For most of the sorbents a pH decrease was observed (Appendix A) which made 

precipitation unlikely. However, favourable conditions for precipitation existed at the 

higher concentrations coupled with an increased pH for the solution when in contact with 

biochar. Precipitation has been presented as the main removal mechanism of metals in 

studies of biochar sorbents (Inyang, et al., 2016). At the pH values and lower metal 

concentration range in this study it appeared to be, according to the geochemical modelling 

with Visual MINTEQ, no favourable conditions for any precipitation. However, the 

geochemical modelling showed (appendix C) that at the highest concentration some Cu 

minerals theoretically could precipitate, indicated with a positive SI.  

Geochemical modelling software like Visual MINTEQ does not consider the time aspect 

when modelling, and precipitation is relatively slow compared to other removal 

mechanisms. For precipitation to actually affect the aqueous concentration of a metal, it has 

to occur at a rate that is significant relative to the adsorption rate of the metal (Jenne, 1998). 

So, precipitation may play a role if the aqueous concentration is not lowered rapidly enough 

by adsorption. However, the kinetic data showed a very rapid removal rate. Moreover, it 

was not likely that these minerals precipitate in these tests since an amorphous phase 

needs to be created first, i.e. there has to be an oversaturation initially with regard to the 

amorphous state (Lindquist, 2005). For example, Visual MINTEQ showed that tenorite(c) 

could possibly precipitate. But this mineral is most often formed upon further aging of the 

system at the expense of amorphous Cu-hydroxide (Candal, et al., 1992). Amorphous CuOHs 

precipitate at shorter reaction time but had a negative SI value according to the geochemical 

modelling and it is therefore unlikely that these were formed considering the conditions in 

the present experiment. In conclusion, precipitation was most likely not a major removal 

mechanism for the sorbents but it cannot completely be ruled out for biochar at higher 

concentrations. To be sure of the occurrence of precipitation during sorption experiments 

it is preferable to identify it by a surface analysis, like FTIR and X-ray elemental dot mapping, 

which can indicate if new solids have formed (Candal, et al., 1992; Jenne, 1998).  

The batch equilibrium sorption experiments provide information about the sorbents' 

sorption capacity and how different factors affect the metal sorption. However, they usually 

provide no information on the mechanisms responsible for the removal. The governing rule 

of adsorption isotherms is that adsorption isotherms are non-mechanistic (macroscopic) 

mass distribution characterizations, and adsorption isotherm equations are empirical and 

are used with the intent of describing solute adsorption by sorbents (Essington, 2004). On 

the whole isotherms cannot be used to conclude any specific adsorption mechanism, 

because the mechanism is a microscopic characteristic (Essington, 2004). 

If we were to interpret the good fit of the Langmuir model despite what is stated above it 

can be seen as an indication of monolayer formation on the sorbents, which in turn could 

imply that chemisorption was the dominate removal process. This correlates with the good 
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fit of the pseudo-second order model to the sorption data which suggests that 

chemisorption was the rate-limiting mechanism for the removal of Cu and Zn rather than 

diffusion/ion exchange (Ho & McKay, 1999). This coupled with the fact that precipitation 

essentially was excluded as a removal mechanism, is altogether indicating that 

chemisorption was the major sorption mechanism. 

6.6 Sorbent Applicable as Stormwater Filter 

Whether or not a sorbent material is suitable in stormwater treatment systems, such as 

catch basin inserts, depends primarily on the sorption capacity it has at concentrations 

relevant for stormwater. In this case, these concentrations correspond to the dissolved 

metal concentrations found in table 2. All three sorbents (bark, peat, biochar) showed 

relatively good removal capacities compared to the guideline values for stormwater 

emissions at these concentrations (figure 16). Milkweed was able to sorb enough Cu to get 

below the lower limit at the lowest initial concentration (data not shown). However, it 

exceeded the lower Cu limit at initial concentration of 100 µg/l. Milkweed was capable of 

removing enough Zn to get below both limits for all initial concentrations except at 500 µg/l.  

At the initial concentration of 500 µg/l, both Cu and Zn exceeded the highest limit with 214 

µg/l and 198 µg/l respectively. Furthermore, polypropylene would not remove enough 

metals to achieve any of the limits in the guidelines (Jacobs, et al., 2009). Note that milkweed 

and polypropylene had a lower S/L ratio and thus could have had higher removal in the 

higher concentration ranges.  

In addition to the sorption capacity, the desorption characteristics and effluent pH have to 

be considered. Both bark and peat leached high concentrations of COD compared to biochar 

(table 10). If compared with the guideline value of 40 mg/l of total organic carbon (TOC), 

being the action (upper) limit that have been commonly used by the EPA (2012) in Ireland, 

it can be concluded that both bark and peat exceed this value. The same goes for the pH 

value of these sorbents which were below the guideline value of 6. It should be noted 

however, that these values are for guidance only and must be set on a site-specific basis 

(EPA, 2012). The phosphorus concentration in the effluent from Swedish wastewater 

treatment plants was 0.22 mg/L on average in 2010 (Naturvårdsverket, 2013). Both 

biochar and bark leached phosphorus at higher concentrations than this (table 10).  

Comparing the different materials, biochar had the highest sorption capacity and did not 

have low pH. It was also not prone to desorption of metals expect for very low 

concentrations of As compared to the other sorbents, which was still below the limit for 

drinking water at 10 µg/l (Livsmedelsverket, 2001). However, biochar showed some 

leaching of phosphorus. Peat had good sorption capacity at relevant initial metal 

concentrations but had high DOC concentrations and low pH which can be problematic. 

Bark had moderately good sorption capacity and problems with low pH and the highest 

desorption of both phosphorus and DOC compared to the other sorbents. However, one 

must be aware that these concentrations will be diluted, and it is not known if the sorbents 
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will continue to leach at the same high levels during the life span of a stormwater filter. 

Nonetheless, it is important to further investigate this under more realistic conditions and 

longer time periods.   

Along with the sorption capacity, desorption characteristics and pH it is important to know 

the kinetic of the sorption. Catch basin inserts often have short retention times and thus it 

is of great importance to know if this retention time is sufficient to reach any significant 

metal removal.  From section 5.4 it can be summarized that short contact times in batch 

tests, relative to the retention time, were sufficient to reach high removal rates. Despite this 

good news it is not that easy to just apply the removal rates from the batch test to full-scale 

filters. In this kinetic test the influence of transport in the solution and bulk film diffusion 

(step 1 and 2 stated in section 3.7) were minimized due to the high stirrer velocities, thus 

reducing the boundary layer thickness. The intra-particle diffusion is independent of the 

stirrer or flow velocity making it and/or the actual final surface reaction the limiting step 

(Worch, 2012). By contrast, film diffusion can be an important limitation in column 

experiments and for filters in the field. Therefore, the kinetic data should be interpreted 

carefully when applied elsewhere. 

It also has to be considered that batch experiments do not take into account many critical 

parameters for the sorption. For example, DOC can bind metals through complexation and 

in that way reduce the metal sorption (Genç-Fuhrman, et al., 2016). Likewise, the isotherm 

parameters obtained are valid only for the conditions under which the batch test was 

carried out. Applying these parameters for prediction of metal sorption efficiency under 

changing pH, ionic strength, higher concentrations (and other parameters mentioned in 

section 3.5.7) is ill-advised (Gadd, 2009). As a consequence, these kind of batch tests 

primarily give an indication of which materials are more suitable for stormwater treatment 

in comparison with other materials tested in the same series, based on sorption capacity. 

However, other types of studies (column and field tests) are needed to determine the 

function of full-scale filters and their lifespan.   
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7 Conclusions 
In this master thesis, the efficiency of five materials has been evaluated by studying their 

sorption of dissolved Cu and Zn. More specifically the effect of varying metal concentrations 

and contact time have been investigated. The five materials studied were bark, peat, biochar, 

milkweed and polypropylene.  

 
From the results found during this project, it can be concluded that: 
 

 The maximum sorption capacity rank was biochar > peat > bark > milkweed > 

polypropylene. 

 The sorption capacity of bark, peat and biochar at initial concentrations of 50-100 

µg/l Cu and 50-500 µg/l Zn was sufficient to meet the limit values stated in the 

guidelines.  

 Cu competed with Zn binding sites at concentrations >50,000 µg Cu/l.  

 The removal rates of Cu and Zn for bark, peat and biochar were high at contact 

times relevant for catch basin inserts. The removal efficiency after 5 minute of 

contact time was above 83% and above 93% after 10 minutes for all sorbents. 

However, peat showed a Zn desorption trend after 15 minutes. 

 Langmuir and pseudo-second order models indicate that chemical adsorption was 

the mechanism responsible for the removal of Cu and Zn. 

Bark, peat and biochar had in general good sorption capacities at Cu and Zn concentrations 

relevant for stormwater which would suggest they are applicable as stormwater filters. The 

leaching of metals from the sorbents where also not a problem. However, there were some 

concerns regarding low effluent pH and leaching of DOC and phosphorous. Biochar showed 

some desorption of phosphorous, peat had low pH and leached DOC and bark had both low 

pH, desorption of DOC and phosphorous. This study indicates which sorbents are more 

efficient than others. However, to understand the sorbents' performance in field, the 

lifespan etc., other studies are needed such as column experiments and field studies. 
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Appendix A: pH  

 

Figure A:1. pH after 24 h contact time for each material together with the initial pH before 
any contact. Graph (A) is Cu single solution, (B) Zn single solution and (C) the binary solution.  
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Appendix B: Visual MINTEQ modelled species from the binary batch 

test  
Table B:1. The different species from the binary batch test. 

Species at 50 µg/l pH 6.3  Species at 100,000 µg/l pH 5.5 

Component % of total conc. Species  Component % of total conc. Species 

SO4-2 99.965 SO4-2 SO4-2 79.224 SO4-2 

 0.016 CuSO4 (aq)  10.501 CuSO4 (aq) 

 0.016 ZnSO4 (aq)  0.015 HSO4- 

Cl-1 100 Cl-1  10.029 ZnSO4 (aq) 

Cu+2 95.492 Cu+2  0.23 Zn(SO4)2-2 

 0.016 CuSO4 (aq) Cl-1 99.576 Cl-1 

 4.472 CuOH+  0.25 ZnCl+ 

 0.01 Cu(OH)2 (aq)  0.173 CuCl+ 

Zn+2 99.853 Zn+2 Cu+2 88.371 Cu+2 

 0.125 ZnOH+  10.502 CuSO4 (aq) 

 0.016 ZnSO4 (aq)  0.49 CuOH+ 

    0.013 Cu2OH+3 

    0.287 Cu2(OH)2+2 

    0.336 CuCl+ 

   Zn+2 89.049 Zn+2 

    0.013 ZnOH+ 

    0.501 ZnCl+ 

    10.317 ZnSO4 (aq) 

    0.118 Zn(SO4)2-2 
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Appendix C: Visual MINTEQ modelled saturation indices from the 

binary batch test  
Table C:1. The saturation indices from the binary batch test. Red colour indicated negative SI 

(no precipitation) and green indicated positive SI (precipitation).  

 

50  
µg/l pH 
6.3 

10,000 
µg/l pH 
6.3 

100,000 
µg/l pH 
5.5  

Mineral 
Sat. 
index 

Sat. 
index 

Sat. 
index Stoichiometry 

Atacamite -6.903 -1.549 0.151 2 Cu+2 3 H2O -3 H+1 1 Cl-1 

Bianchite -10.472 -2.287 -4.356 1 Zn+2 1 SO4-2 6 H2O   

Brochantite -8.78 -5.581 1.845 4 Cu+2 6 H2O -6 H+1 1 SO4-2 

Chalcanthite -9.58 -1.426 -3.448 1 Cu+2 1 SO4-2 5 H2O   

Cu(OH)2(s) -3.01 -4.674 -1.512 1 Cu+2 2 H2O -2 H+1   

CuOCuSO4(s) -16.569 -2.194 -8.94 -2 H+1 2 Cu+2 1 H2O 1 SO4-2 

CuSO4(s) -15.444 -10.84 -9.312 1 Cu+2 1 SO4-2     

Goslarite -10.172 -10.53 -4.056 1 Zn+2 1 SO4-2 7 H2O   

Langite -10.912 -5.282 -0.287 -6 H+1 4 Cu+2 7 H2O 1 SO4-2 

Melanothallite -24.251 -3.559 -14.636 1 Cu+2 2 Cl-1     

Tenorite(am) -2.252 -17.46 -0.754 1 Cu+2 1 H2O -2 H+1   

Tenorite(c) -1.402 -1.436 0.095 1 Cu+2 -2 H+1 1 H2O   

Zincite -5.074 -0.586 -3.592 1 Zn+2 1 H2O -2 H+1   

Zincosite -16.461 -4.274 -10.345 1 Zn+2 1 SO4-2     

Zn(OH)2 (am) -6.304 -11.57 -4.822 1 Zn+2 2 H2O -2 H+1   

Zn(OH)2 (beta) -5.575 -5.503 -4.093 1 Zn+2 2 H2O -2 H+1   

Zn(OH)2 (delta) -5.366 -4.774 -3.884 1 Zn+2 -2 H+1 2 H2O   
Zn(OH)2 
(epsilon) -5.339 -4.565 -3.857 1 Zn+2 2 H2O -2 H+1   
Zn(OH)2 
(gamma) -5.55 -4.538 -4.068 1 Zn+2 2 H2O -2 H+1   

Zn2(OH)2SO4(s) -13.256 -4.75 -5.659 -2 H+1 2 Zn+2 2 H2O 1 SO4-2 

Zn2(OH)3Cl(s) -14.353 -7.565 -7.331 2 Zn+2 3 H2O -3 H+1 1 Cl-1 

Zn3O(SO4)2(s) -37.832 -9.768 -24.119 -2 H+1 3 Zn+2 2 SO4-2 1 H2O 

Zn4(OH)6SO4(s) -21.2 -27.25 -10.639 -6 H+1 4 Zn+2 6 H2O 1 SO4-2 

Zn5(OH)8Cl2(s) -30.346 -13.90 -14.82 -8 H+1 5 Zn+2 8 H2O 2 Cl-1 

ZnCl2(s) -25.07 -20.37 -15.471 1 Zn+2 2 Cl-1     

ZnSO4:1H2O(s) -11.755 -18.3 -5.639 1 Zn+2 1 SO4-2 1 H2O   
 

 


