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ABSTRACT	 	

The adsorption isotherms and kinetics of two low cost adsorbents, Ladybug Sand and Greensand, 

were determined from multi-solute batch experiments using prepared synthetic stormwater 

containing arsenic, cadmium and lead. The adsorption equilibrium data were fit to the Langmuir, 

Freundlich and Henry isotherms using both nonlinear and linear regression techniques. Kinetic 

data were obtained at two different stormwater concentrations. The kinetic curves were fit to the 

pseudo-first-order, pseudo-second-order and homogenous surface diffusion model (HSDM). A 

solution to the HSDM was achieved using the user-oriented numeric solution proposed by Zhang 

et al. (2009). From the fitted kinetic models the reaction constants, k1 and k2, as well as the 

surface diffusion coefficient (Ds) were determined. The maximum service lives of adsorbent 

columns comprised of Ladybug Sand or Greensand were calculated using the equilibrium 

column model (ECM) to evaluate the feasibility of the adsorbents for use in advanced 

stormwater treatment.  
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1 INTRODUCTION	

1.1 PROBLEM	STATEMENT	

As communities urbanize, their landscape surfaces become more impermeable. This process 

alters the natural hydrologic cycle, increasing the proportion of precipitation converted into 

runoff and decreasing the amount of water infiltrated into the ground and evapotranspirated. 

These hydrologic changes can impact groundwater levels and stream baseflow, cause increased 

flooding and erosion, and degrade sediment and water quality (Ministry of the Environment 

2003; Bradford and Gharabaghi 2004).  

The impact of urban runoff on the quality of receiving water bodies can be substantial. 

According to the 2004 Water Quality Report to U.S. Congress, urban runoff was one of the top 

ten contributors to water quality degradation of rivers, streams, lakes, ponds, reservoirs, bays and 

estuaries assessed within the United States (EPA 2009). 

To mitigate the impacts of urban runoff, a variety of stormwater treatment best 

management practices (BMP) have been developed. Historically, stormwater treatment BMPs 

have been implemented in accordance with design guidelines that dictate storage requirements 

that provide a presumed total suspended solids (TSS) removal efficiency (Clark and Pitt 2012). 

This is currently the case with the design guidelines provided by the Ontario Ministry of the 

Environment and Climate Change (Ministry of the Environment 2003). The problem of relying 

on a removal efficiency performance criterion is that, although it may ensure a large percentage 

of the TSS is removed, it can not ensure discharge concentrations are within an acceptable range 

(Bradford and Gharabaghi 2004). This was found to be the case for a number of stormwater 
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BMPs analyzed by the Toronto and Region Conservation Authority (TRCA) as part of the 

Stormwater Management Assessment and Performance (SWAMP) program, a study conducted 

in 2005 that assessed the long-term performance of ten stormwater management facilities in 

Ontario (Toronto and Region Conservation Authority 2005). Despite meeting significant 

reductions in TSS, the BMPs’ mean effluent concentrations of several pollutants were above 

receiving water quality objectives (i.e. the provincial water quality objectives or PWQO). 

Furthermore, TRCA (2005) went on to summarize that: 

• TSS removal efficiencies were often greater than the removal efficiencies of other 

pollutants that readily bind to sediment 

• Roughly 65 to 85% of TSS effluent particles fell within the clay size range (<4 

microns). [Therefore] further reduction in observed effluent TSS concentrations may 

not be practically achievable by simply expanding the volume storage in the facilities 

• Meeting stringent receiving water quality objectives for these pollutants is clearly not 

an ‘achievable’ goal for facilities that depend primarily on gravity settling for water 

quality treatment    

(Toronto and Region Conservation Authority 2005) 

The contaminants that were identified by the SWAMP program as having mean effluent 

concentrations above the PWQO, the provincial surface water quality standard, were copper, 

zinc, iron, lead, cadmium, chloride, phosphorus and Escherichia coli. Reported event mean 

concentrations from the SWAMP program can be found in Appendix A.  

With increasing concerns regarding water quality degradation, some regulatory agencies 

have moved towards using specified stormwater discharge limits (Clark and Pitt 2012). As 
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concluded by the TRCA (2005), if stormwater permits were to include effluent concentration 

limits, the use of gravity-settling BMP (e.g. stormwater ponds) alone would not be sufficient to 

meet strict permit requirements, and additional treatment methods would have to be employed. 

This is a significant problem considering that in Ontario, stormwater ponds are the most 

prevalent stormwater treatment BMP (Ministry of the Environment 2003). In the Greater 

Toronto Area alone, there are an estimated 1 500 stormwater ponds (Koumoulas 2015). 

Furthermore, the colloidal and dissolved pollutants that are not effectively removed by these 

ponds tend to be the most mobile and bioavailable, and therefore exhibit high levels of toxicity 

(Tuccillo 2006; Vollertsen, Lange, Pedersen, Hallager, and Brink-kjær 2009; Wium-Andersen et 

al. 2012).  
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1.2 LITERATURE	REVIEW		

1.2.1 ADVANCED	STORMWATER	TREATMENT:	ADSORPTION	

One promising approach for removing the colloidal and dissolved contaminants in stormwater 

pond effluent is the use of adsorption (Genç-Fuhrman et al. 2007). Adsorption is a surface 

phenomenon that involves the movement of a substance from a bulk phase (e.g. liquid) to the 

surface of a receiving phase (usually a solid particle) (Gupta et al. 2009; Worch 2012). When 

referring to adsorption, it is customary to refer to the substance that is subject to transfer as the 

adsorbate and the receiving phase as the adsorbent (Worch 2012). Adsorption can involve 

physical or chemical interactions. Physisorption, or physical adsorption, involves the physical 

attraction (i.e. usually van der Waals forces) between the adsorbate and adsorbent (Gupta et al. 

2009). Chemisorption, or chemical adsorption, involves the chemical bonding of the adsorbate 

and adsorbent (Gupta et al. 2009). Of the two types of adsorption, chemisorption is typically 

stronger and less prone to desorption (Gupta et al. 2009).  

 Adsorbents can be used in either batch or fixed-bed (i.e. flow-through) reactors. 

Hereafter, the term adsorption column or filter will be used interchangeably with fixed-bed 

reactor. In batch reactors the adsorbent is typically dispersed in a large volume of liquid and 

needs to be separated from the liquid phase before the liquid is discharged (Worch 2012). Due to 

the nature of the batch reactor, smaller sized sorbents can be used (Worch 2012). Conversely, in 

a fixed-bed reactor, the liquid filters through the voids in a adsorbent column, typically requiring 

larger sized sorbents to ensure adequate hydraulic conductivity (Worch 2012). Fixed-bed 

adsorbers are of more practical use in a stormwater context because they don’t require an 
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additional step to separate the adsorbent from the liquid or constant agitation to keep the 

adsorbent dispersed. Thus, only fixed-bed adsorber or adsorption filter design will be discussed. 

Predicting the breakthrough behavior of an adsorption filter is essential to its design 

(Cooney 1999; Worch 2012). By predicting the breakthrough behavior, the time at which the 

effluent becomes intolerably degraded can be determined. A filter’s breakthrough behavior can 

be described by the change in effluent concentration (often expressed as a ratio of the inlet 

concentration) over time or volume of effluent (Worch 2012). This is represented graphically as 

a breakthrough curve (BTC). An example of a BTC is provided in Figure 1.   

 

Figure 1 - Example breakthrough curve where C = instantaneous effluent concentration and Co 
= inlet concentration. 

 

There are two main methods by which breakthrough behavior can be predicted: scale-up 

methods and breakthrough curve (BTC) models (Cooney 1999; Worch 2012). Scale-up methods 

are strictly empirical in nature, and utilize various scaling factors to design lab-scale sorption 

filters, which attempt to mimic actual mass transfer conditions (Worch 2012). Common scale-up 
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methods include rapid small-scale column testing (RSSCT), the length of unused bed (LUB) 

approach, the empty-bed contact time (EBCT) approach and the bed depth-service time (BDST) 

approach (Cooney 1999). Hydraulic similarity between lab-scale and full-scale conditions is 

integral to the accuracy of these methods (Worch 2012). Conversely, BTC models are theoretical 

mathematical models. Consequently, these models can be applied more widely (Worch 2012). 

Due to the wide scale applicability of BTC models, these models will be the focus of the 

following discussion.   

The three components of most BTC models are (1) the differential mass balance equation, 

(2) adsorption isotherm(s) and (3) adsorption mass transfer equations (Worch 2008).  The 

differential mass balance equation for an adsorption column or fixed-bed reactor, as presented in 

Cooney (1999), is, 

 !!"(!)! − !!" ! !!∆! + !"∆!
!"
!" + (1− !)!∆! !"

!" = 0 Eq. 1 

where ! is the average axial velocity flowing in the void space, ! is the void fraction of the 

column bed, S is the cross-sectional area of the column, C is concentration, Z is the axial 

distance and q is adsorbent loading. The flow (Q) is related to the average axial velocity (!) by 

the equation ! =  !!". Dividing by !"∆!, taking the limit as ∆! → 0 and rearranging, the 

equation becomes, 

 !! !"
!" + ! !"

!" + (1− !) !"
!" = 0 Eq. 2 

The first term of Eq. 2 represents the flow of solute into and out of the system; the second 

term represents the accumulation of solute within the interstitial space; and the third term 

represents the rate of adsorption of the solute onto the adsorbent. It should be noted that axial 
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dispersion has been neglected, which can affect the flow of solute into and out of the system. 

Neglecting dispersion is often appropriate when the fluid phase is a liquid, except at extremely 

low flow rates (Cooney 1999). Furthermore, if the adsorber is designed to eliminate 

maldistribution and dead volume, dispersion is typically negated (Knaebel 2007). 

1.2.2 ADSORPTION	ISOTHERM	

An adsorption isotherm is a mathematical equation that describes the relationship between a 

solute’s adsorbent loading (qe) and water phase concentration (Ce) at equilibrium (Limousin et al. 

2007). The term isotherm implies that the equation is valid only for a given temperature (Worch 

2012). An example of an adsorption isotherm is provided in Figure 2. 

 

Figure 2 - Example of an adsorption isotherm 

 

To determine an adsorption isotherm, the equilibrium adsorbent loading has to be 

determined at different concentrations. A common technique used to determine the equilibrium 

adsorbent loading is the bottle-point method, or batch method (Cooney 1999; Worch 2012). This 

method is used in many sorption equilibrium studies (Genç-Fuhrman et al. 2007; Arias and Sen 

2009; Vollertsen, Lange, Pedersen, Hallager, Bruus, et al. 2009; Vijayakumar et al. 2012; Wium-
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Andersen et al. 2012; Reddy et al. 2014) and is the recommended approach by Ali & Gupta 

(2006) for the characterization of low-cost sorbents. To conduct batch adsorption equilibrium 

experiments, a volume of water with a known concentration of solute(s), and a known mass of 

adsorbent, is added to a batch reactor (i.e. a bottle or other type of container), which is then 

shaken or stirred until equilibrium is reached (Worch 2012). The amount adsorbed to the 

adsorbent can be calculated using the following mass balance equation,  

 ! = !
! !! − !  Eq. 3	

where q is the adsorbent loading, Co is the initial solute concentration, C is the instantaneous 

solute concentration, V is the volume of solution, and M is the mass of adsorbent (Worch 2012; 

Reddy et al. 2014).  

There is no universal isotherm that can describe all adsorbate-adsorbent systems (Worch 

2012). Therefore, to accurately describe the various sorption relationships, many isotherm 

equations have been developed (Worch 2012). The isotherm equations vary in the number of 

parameters used. Although increasing the number of parameters typically improves the quality of 

data fitting, when applying the isotherm to sorption models, using an isotherm equation with the 

lowest number of parameters is recommended to minimize complexity (Worch 2012).  

The simplest isotherm equations are the horizontal and linear isotherms. The horizontal 

(or irreversible) isotherm is concentration independent, and is typical of very high solute 

concentrations when sorption saturation (i.e. when sorption capacity does not change with 

increasing solute concentration) is reached (Worch 2012). The horizontal isotherm can be 

described by Eq. 4. 
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 ! ! =  !"#$%&#% Eq. 4 

 

Conversely, the linear, or Henry isotherm is typical of very low concentrations (Worch 

2012). The Henry isotherm describes a sorption relationship whereby equilibrium solute 

concentration and sorption capacity are linearly related and is expressed by the equation, 

 !! = !!  !! Eq. 5 

 

where KH is the Henry isotherm constant (Worch 2012).  

Two of the most commonly used and widely applicable isotherms are the Langmuir and 

Freundlich isotherms (Cooney 1999; Ho 2004a; Worch 2012). These isotherms involve two 

fitting parameters. The Langmuir isotherm is described by the equation,  

 !! =
!! ! !!
1+ ! !!

 Eq. 6 

 

where qm is the adsorbent loading at saturation, and b is the Langmuir adsorption coefficient 

(Bolster and Hornberger 2007). At low concentrations the Langmuir equation reduces to the 

linear Henry equation and at high concentrations it reduces to the horizontal isotherm equation 

(Worch 2012). The Langmuir isotherm was derived based on the following assumptions: each 

adsorption site can bind to only one adsorbate molecule and every adsorption site has the same 

energy of adsorption (i.e. bond strength) (Cooney 1999). The Langmuir isotherm has been 

extensively applied to liquid-solid-phase adsorption systems (Ho 2004a), including the sorption 
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of metal solutes (Echeverría et al. 1998; Ho 2006; Argun et al. 2007; Arias and Sen 2009; Wium-

Andersen et al. 2012; Sukpreabprom et al. 2014). 

The Freundlich isotherm can be described by the equation (Worch 2012), 

 !! = ! !!!/! Eq. 7 

 

where K and n are isotherm parameters. The parameter K is an indication of the strength of 

adsorption (Worch 2012). The larger the K value, the greater the adsorption capacity (Worch 

2012). The exponent n determines the curvature of the isotherm (Worch 2012). When n = 1 the 

isotherm is linear. When 1/n < 1 the isotherm will exhibit high adsorbent loadings at low 

concentrations, whereas when 1/n > 1 the opposite is true (Worch 2012). Therefore, a 1/n > 1 is 

unfavorable. The Freundlich isotherm was the first model to describe multilayer adsorption, with 

non-homogenous adsorption sites (Foo and Hameed 2010). The Freundlich equation assumes 

that qe can increase indefinitely with increasing values of Ce (Cooney 1999). In reality this is 

impossible; therefore, the Freundlich isotherm typically fails to fit experimental data at very high 

Ce values (Cooney 1999) and is best used to describe the medium concentration range (Worch 

2012). In the context of wastewater treatment, solutions are typically dilute enough that Ce 

values should be below the Freundlich isotherm breaking point (Cooney 1999).  
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A summary of the isotherm equations and their linearized forms are provided in Table 1. 

Table 1 – Nonlinear and linear isotherm equations, and linear plots  

Isotherm Non-Linear Form Linearized Form Plot 

Henry   ! = !!  ! ! !".! 

Langmuir  ! = !! ! !
1+ ! ! 

!
! =

1
!! ! +

1
!!

 ! (LE. 1) 
!
!  !".! 

  
1
! =

1
!! +

1
!! !

1
! (LE. 2) 

1
!  !". 1! 

  ! = !! − 1!
!
!  (LE. 3) ! !". !! 

  
!
! = !! ! − ! ! (LE. 4) 

!
!  !". ! 

Freundlich ! = ! !!/! log ! = log! + 1
! log! log !  !". log! 

 

For single-solute systems, two-parameter isotherms are typically sufficient to fit the data 

(Cooney 1999). If the two-parameter isotherms do not accurately describe experimental data, the 

concentration range may be too large (Worch 2012). If this occurs, a three-parameter isotherm 

can be used, or a subset of the total concentration range can be used to fit the two-parameter 

isotherm (Worch 2012). Some three-parameter isotherms include the Langmuir-Freundlich, the 

Redlich-Peterson, and the Tóth (Worch 2012). A comprehensive list of adsorption isotherm 

equations in their non-linear and linear forms are provided in Foo & Hameed (2010). 
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1.2.3 ADSORPTION	KINETICS		

The BTC models predominately differ based on how they treat the rate of adsorption (!"!") 

(Weber and Chakravorti 1974). To describe the rate of adsorption various mass transfer models 

have been developed. Each model has an adsorption rate equation that assumes a rate limiting 

adsorption mechanism(s). There are four stages of adsorption: (1) the transport of the adsorbate 

in the bulk solution, (2) the diffusion of the adsorbate across the liquid-film surrounding the 

adsorbent, (3) the intraparticle diffusion of the adsorbate either through pore or surface diffusion 

and (4) the attachment (adsorption) or detachment (desorption) of the adsorbent to the surface of 

the adsorbent (Plazinski et al. 2009).  

 

Figure 3 - Adsorption mass transfer processes.  

Image taken from (Tran et al. 2017) and originally adapted from (Weber and Smith 1987)  
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To apply the mass transfer equations to BTC models the kinetic coefficients must be 

determined. These coefficients can be determined by fitting the kinetic models to 

experimentally-determined kinetic curves which can be obtained from batch reactor experiments 

(Worch 2012). Kinetic curves can be expressed as the liquid phase solute concentration or 

adsorbent loading as a function of time. Examples of both curves are provided in Figure 4.  

  

Figure 4 - Example sorption kinetic curves 

 

In general, the mass transfer models can be categorized into two groups: reaction and 

diffusion (Ho et al. 2000; Qiu et al. 2009). Reaction models assume step (4), the adsorption 

reaction, is the rate-limiting step, whereas diffusion models assume steps (2) and/or (3) are rate 

limiting. Some diffusion models consider only one mechanism, while others consider several. 

For practical purposes, diffusion models that consider all three diffusion processes (i.e. film, pore 

and surface) are seldom used due to their complexity (Worch 2012).  
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Reaction Models 

Reaction kinetic models have been widely used to describe the adsorption kinetics of 

many solutes such metals, dyes and organics from aqueous solutions (Ho 2004b). Two 

commonly applied reaction models are the pseudo-first-order and pseudo-second-order models 

(Ho and McKay 1998). These models are based on adsorbent loading or adsorption capacity. The 

term ‘pseudo’ is used to distinguish these models from reaction models based on solute 

concentration (Ho 2004b; Qiu et al. 2009).  

The pseudo-first-order and pseudo-second order equations are (Qiu et al. 2009), 

 
!"
!" = !!(!! − !) Eq. 8 

 
!"
!" = !!(!! − !)! Eq. 9 

where k1 and k2 are the pseudo-first-order and pseudo-second-order rate constants, respectively.  

Integrating the pseudo-first-order equation with the initial conditions q = 0 and t = 0, 

provides Eq. 10.  

 ! = !!(1− !!!!!) Eq. 10 

 This nonlinear equation can be rewritten in the linearized form as Eq. 11.  

 ln !! − !!
!!

= −!!! Eq. 11 

Likewise, integrating the pseudo-second-order equation, under the same initial 

conditions, provides Eq. 12. 



  
  

 
 

15 
 

 ! = !! !!! !
1+ !! !!!

 Eq. 12 

This equation can be rearranged into the commonly used (Simonin 2016) linearized 

pseudo-second-order equation (Eq. 13). 

 
!
!!
= 1
!!!!!

+ 1
!!
! Eq. 13 

Ho and McKay (1999) provide an extensive list of studies that have characterized the 

reaction kinetics of adsorbate-adsorbent systems as 1st or 2nd order. The derivation of these 

models can be found in Azizian (2004). 

A summary of the nonlinear and commonly used linear forms of the reaction kinetic model 

equations is provided in Table 2. 

Table 2 - Nonlinear and linear reaction kinetic model equations, and linear plots 

Kinetic Model Nonlinear Form Linearized Form Plot 

Pseudo-First-Order ! = !!(1− !!!!!) ln !! − !!
!!

= −!!! ln !! − !!
!!

!". ! 

Pseudo-Second-Order ! = !! !!! !
1+ !! !!!

 
!
!!
= 1
!!!!!

+ 1
!!
! !

!!
 !". ! 

 

Homogenous Surface Diffusion Model (HSDM) 

One commonly used diffusion model is the homogeneous surface diffusion model 

(HSDM) (Worch 2012). This model has been used successfully to predict the adsorption 

dynamics in fixed-bed reactors for many adsorption systems (Hand et al. 1983). The HSDM 
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model considers surface diffusion as the sole intraparticle mass transport mechanism (Worch 

2012). Film diffusion can be considered in conjunction with the HSDM, in which case the model 

becomes the pore and surface diffusion model (PSDM). Typically, the surface diffusion flux is 

greater than the pore diffusion flux for strongly adsorbed solutes (Hand et al. 1983). Therefore, it 

is reasonable to estimate the total intraparticle mass transport considering only surface diffusion 

in many cases (Hand et al. 1983).  

The HSDM assumes the adsorbent is a homogenous spherical particle and that the 

surface diffusive flux can be described by Fick’s law (Hand et al. 1983; Zhang et al. 2009). 

Assuming the surface diffusion coefficient is constant, the adsorption rate equation derived from 

the intraparticle mass balance can be described by the equation (Worch 2012),  

 
!"
!" = !!

!!!
!!! +

2
!
!"
!"  Eq. 14 

 

where r is the radius of the particle and Ds is the surface diffusion coefficient. If the particle is a 

sphere then the average adsorbent loading (qave) in the particle is (Zhang et al. 2009), 

 !!"# =
3
!!!!

4
!!

!
!"!!!" Eq. 15 

 

The mass balance is dependent on the reactor being considered. The differential mass balance for 

a batch reactor is  

 !!
!!!"#
!" = −!! 

!"
!" 

Eq. 16 
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where mA is the mass of the adsorbent and VL is volume of liquid. Integrating with the initial 

conditions c (t = 0) = co and qave(t = 0) = 0 gives the following equation, 

 !!"#(!) =
!!
!!

!! − ! !  Eq. 17 
 

 

Table 3 - Summary of HSDM equations for a batch reactor 

Equation Role 

!!
!!!"#
!" = −!! 

!"
!" Mass balance for a batch reactor 

!!"# =
3
!!!!

4
!!

!
!"!!!" Average adsorbent loading 

!"
!" = !!

!!!
!!! +

2
!
!"
!"  Diffusion rate equation for a spherical particle 

! (!, 0) = 0  Initial condition 

!"
!" = 0, ! = 0 Boundary conditions for the centre of particle 

!!!
!"
!" = !!(!! − !!) Boundary condition for continuity of flux at r = rp 

!! = ! !!!/! Freundlich isotherm 

Table adapted from (Roy et al. 1993)  

 

The HSDM depends on a system of differential equations (presented in Table 3) and 

therefore analytical solutions are only available for limited cases, specifically, for adsorbent 

systems that follow a linear adsorption isotherm (Worch 2012). However, approximations of the 
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solutions can be obtained using numerical methods. To make the process of obtaining numerical 

solutions easier, simplified user-orientated solutions have been developed by adsorption 

researchers (e.g. Hand et al., 1983; Zhang et al., 2009).  

When empirically determining diffusion mass transfer coefficients (i.e. by fitting kinetic 

models to experimental data) there are some important factors to consider. The film diffusion 

coefficient is highly dependent on hydrodynamic conditions, and consequently must be 

determined under the same hydrodynamic conditions in which the filter is expected to operate 

(Worch 2012). Therefore, a film diffusion coefficient determined from batch experiments is not 

transferable to fixed-bed column design (Cooney 1999). Film diffusion coefficients are typically 

determined from breakthrough tests using small scale flow-through reactors (Cooney 1999). 

They can also be estimated from empirical equations (Hand et al. 1983). To the contrary, the 

intraparticle diffusion coefficients are independent of hydrodynamic conditions (Worch 2012). 

These coefficients can be determined using the kinetic data obtained from batch experiments, 

and are theoretically independent of stirrer or shaker speed (Worch 2012). To minimize the 

effects of film diffusion when using batch experiments, high stirrer or shaker speeds can be used 

(Worch 2012). According to Ho et al. (2000), using agitation will typically result in film 

diffusion being rate controlling only for the first few minutes. To test if the reactor agitation is 

adequate to eliminate film diffusion resistance, multiple batch experiments can be conducted at 

varying mixing intensities (Hand et al. 1983). Film diffusion resistance has been eliminated once 

an increase in mixing intensity does not result in a change in the kinetic data (Hand et al. 1983). 

Experiments have shown that adsorption rates do not change at agitation speeds above a few 

hundred rpm (Cooney 1999).  
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1.2.4 MODEL	REGRESSION		

Linear regression is widely used in adsorption equilibrium and kinetic studies as a means of 

fitting isotherm and adsorption kinetic models. This regression technique is attractive because it 

is easy to do. However, it can produce unsatisfactory results (El-Khaiary and Malash 2011). 

Some of the limitations of applying the various linear Langmuir equations are provided in Table 

4.  

Table 4 – Limitations of linear Langmuir equations 

Equation Equation Form Limitations 

LE 1  

(Hanes-Woolf) 

!
! =

1
!! ! +

1
!!

 ! 

Because x (C) and y (C/q) are not independent the 

correlation between x and y is overestimated, i.e., equation 

may provide good fits to data that do not conform to the 

Langmuir model.  

LE 2  

(Lineweaver-Burke) 

1
! =

1
!! +

1
!! !

1
! 

Transformation leads to clumping of data points near origin 

– extremely sensitive to variability at low values of q (high 

values of 1/q). 

LE 3  

(Eadie-Hofstee) 
! = !! − 1

!
!
!  

Abscissa is not error free; x (q/c) and y (q) data are not 

independent. In this case, correlation between x and y is 

underestimated, i.e., equation may provide poor fit to data 

that do conform to the Langmuir model.  

LE 4 

 (Scatchard) 

!
! = !! ! − ! ! 

X (q) and y (q/c) are not independent. In this case, 

correlation between x and y is underestimated, i.e., equation 

may provide poor fits to data that do not conform to the 

Langmuir model 

Adapted from (Bolster and Hornberger 2007) 
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A more statistically robust alternative to linear regression is nonlinear regression. 

Nonlinear regression uses an algorithm to minimize an objective or error function. The error 

function measures the difference between the observed and calculated data (Bolster and 

Hornberger 2007). Common error functions include the chi-square statistic (X2), the sum-of-

squared errors (SSE), the average relative error (ARE), the sum of the absolute errors (SAE) and 

the hybrid fractional error function (HYBRID) (Amrhar et al. 2015). These regression techniques 

were used to fit the isotherm and kinetic models presented in the previous sections to the 

experimental data produced from this study. 

1.3 RESEARCH	OBJECTIVES	

The purpose of this study was to characterize two low cost, locally available adsorbents, 

specifically LadybugBag Agg Sand and Greensand. Of specific interest is the potential use of 

these adsorbents to treat effluent from gravity-settling based stormwater treatment BMPs (such 

as stormwater ponds and wetlands) to meet PWQO. The PWQO levels are presented in Table 5. 

The contaminants used in this study were the metals identified in the SWAMP report as having 

mean effluent concentrations above PWQO, specifically, copper, zinc, iron, cadmium and lead. 

Arsenic was also included due to its relevance in stormwater and high toxicity (Wu and Zhou 

2009). This is the first study to investigate Ladybug Sand and Greensand with the combination of 

metals identified.  
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Table 5 - Provincial Water Quality Objectives 

Metal PWQOa 

Copper (Cu) 
1 µg/L (<20 mg/L CaCO3) 

5 µg/L (>20 mg/L CaCO3) 

Zinc (Zn) 20 µg/L 

Iron (Fe) 300 µg/L 

Cadmium (Cd) 
0.1 µg/L (<100 mg/L CaCO3) 

0.5 µg/L (>100 mg/L CaCO3) 

Lead (Pb) 

1 µg/L (< 30 mg/L CaCO3)  

2 µg/L (30-80 mg/L CaCO3)  

5 µg/L (> 80 mg/L CaCO3) 

Arsenic (As) NAb 

Note: a 1 µg/l = 1 ppb 

Note: b The PWQO does not include arsenic 

 

To characterize the adsorbents, multi-solute adsorption isotherm and adsorption kinetic 

experiments were conducted. The equilibrium experimental data was fit to the Langmuir, 

Freundlich and Henry isotherms. The kinetic experimental data was fit to the pseudo-first-order, 

pseudo-second-order and HSDM kinetic models. With the adsorption isotherms and mass 

transfer coefficients determined from these experiments, BTC models can be used to design 

pilot-scale studies, interpret the results of these studies, investigate multistage adsorber 

configurations, and estimate preliminary costs of adsorption columns (Hand et al. 1983).  
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2 MATERIALS	AND	METHODS		

2.1 ADSORBENT	PRETREATMENT	

The two sorbents selected for analysis were: LadyBugBag aggregate (hereafter Ladybug Sand) 

and Greensand. These sorbents were selected because of their relatively low cost and 

availability. Ladybug Sand is a general-purpose aggregate that can be purchased from a hardware 

store. Greensand is an engineered material comprised of a manganese base and was developed 

for the removal of iron, manganese and hydrogen sulfide (Hungerford & Terry Inc. 2003). 

Prior to conducting the experiments, these sands were sieved to get a rough indication of the 

grain size distribution so that a grain size with sufficient quantity could be selected. In 

accordance with the AASHTO T 88 method (American Association of State Highway and 

Transportation Officials 2013), sieving was discontinued when less than 0.5% by weight was 

passed in 60 seconds of sieving. The sand retained between sieve numbers 20 and 40 (i.e. 

between 420 – 841 µm in diameter) was used in the experiments.  

To remove fine particulates and organic precursors, the sands were pretreated in accordance 

with the protocol for characterizing low cost adsorbents as defined in Ali & Gupta (2006). First, 

the sands were repeatedly washed with milli-Q water until the washing water ran clear. The 

sands were then dried in an oven at 100oC for 2 hours. The sands were then placed in an oven at 

550oC for 24 hours to carbonize any organic precursors. To remove adhered organic matter the 

sands were fully submerged in 3% hydrogen peroxide and placed in an oven at 60oC for 24 

hours. To remove the hydrogen peroxide, the sands were washed three times with milli-Q water 

and then dried in an oven at 100oC for 2 hour. Finally the sands were placed in an oven at 500oC 

for 6 hours.   
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The bulk densities of the sands were measured by weighing 10 mL of sand in a graduated 

cylinder.  

2.2 EXPERIMENTS	CONDUCTED	

In total, four experiments were performed. A brief description of each experiment is provided 

below. The procedures followed are provided in more detail in subsequent sections.  

Pilot Experiment 1 evaluated the adsorbents’ effectiveness of removing arsenic, copper, iron 

and zinc and investigated the effects of oxygen saturation on adsorption. Upon receiving the data 

from the first pilot experiment, it was evident that the adsorbents were ineffective at removing 

copper, iron and zinc. These metals were subsequently dropped from the proceeding experiments 

and cadmium and lead were added for investigation. 

Pilot Experiment 2 obtained preliminary data on the adsorbents’ effectiveness at removing 

arsenic, cadmium and lead. Once it was determined that the adsorbents were capable of 

removing the metals, adsorption isotherm and kinetic experiments were conducted.  

Finally, the batch adsorption isotherm experiments determined the adsorption isotherms and 

the batch adsorption kinetic experiments determined the adsorption kinetics. A schematic of the 

research structure is provided in Figure 5. 
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Figure 5 - Research structure 

 

2.2.1 PILOT	EXPERIMENT	1	

The first pilot study was conducted to determine if Ladybug Sand and Greensand were capable 

of removing arsenic, copper, iron and zinc, and to investigate the effects of oxygen saturation on 

adsorption. Metal stock solutions were created by dissolving the metals, in their solid elemental 

form,  in either nitric or hydrochloric acid, then diluting with milli-Q water. All glassware used 

was washed with detergent and then rinsed with dilute 10% (v/v) hydrochloric acid and ultrapure 

milli-Q water. Metal stocks were used to create synthetic stormwater with defined metals 

concentrations. Two volumes of synthetic stormwater were made in separate 2 L bottles. One of 

these bottles was sparged with N2 for 5 minutes to create anoxic water. Due to dilution errors 

made while preparing the synthetic stormwaters, the two stormwaters tested (i.e. anoxic and 

oxic) ended up being different concentrations when they should have been the same. However, 

for the purposes of this investigation the results obtained were still useful.  The stormwater 

concentrations used in the pilot experiment are presented in Table 6. The pH of the synthetic 

stormwater was not controlled during the experiment. 
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Table 6 - Pilot experiment 1 stormwater concentrations 

Stormwater 
Concentration (ppb) 

As Cu Fe Zn 

Anoxic 11.1 23.4 66 127.8 

Aerobic 22.4 44.6 32 194.9 

 

To test the removal efficacy of the sands, batch reactor kinetic experiments were 

conducted. Glass BOD bottles (60 mL volume) with 50 mL of stormwater and 1 g +/- 0.001 g of 

sand were used. BOD bottles were gravity filled from the synthetic stormwater stocks (anoxic 

and oxic) immediately after sparging, using a Tygon tube inserted into the bottom of the BOD 

bottle. Ground glass stoppers inserted immediately after filling to prevent air intrusion, and were 

taped into place. These bottles were shaken on an orbital shaker table at 60 rpm. One sample of 

each stormwater (anoxic or oxic) and sand type was collected at 30 minutes, 1 hour, 3 hours, 24 

hours and 48 hours. To obtain the samples,  the bottles were placed on the desk for a few minutes 

to allow the sand to settle and then the supernatant was collected in 50 mL polypropylene conical 

centrifuge tubes and then stored in the fridge. One sample of each sand was also collected and 

dried so that their chemical composition could be determined. The pH of the synthetic 

stormwater was not controlled, and the experiment was conducted at room temperature.   

2.2.2 PILOT	EXPERIMENT	2	

Analysis of the sand revealed that the materials contained high quantities of copper, iron and zinc 

(Table 11 in section 3.1) and therefore did not effectively these metals from the stormwater when 

present at low concentrations (<200 ppb). Furthermore, it was determined that oxic conditions 
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were more conducive than anoxic conditions for the removal of arsenic, the only metal 

effectively removed. As a result, two new metals, cadmium and lead, were selected for future 

analysis due to their low concentrations in the adsorbents, and due to their relevance as 

stormwater contaminants.  

Pilot experiment 2 was conducted to test if the sands were able to remove arsenic, 

cadmium and lead from water. The same procedure used in pilot experiment 1 was followed, 

except the metal stock solutions used to make the new synthetic stormwater were prepared 

according to EPA method 7010, the method for graphite furnace atomic adsorption 

spectrophotometry, and were prepared to a concentration of 1000 mg of metal per liter. To 

prepare the arsenic stock, 0.132g of arsenic trioxide, As2O3, was dissolved in 10 mL of milli-Q 

water with 0.4g of NaOH, then acidified with 2 mL of HNO3 and diluted to 100 mL. To prepare 

the cadmium stock, 0.1 g of cadmium metal was dissolved in 2 mL of 1:1 HNO3 and diluted to 

100 mL. To prepare the lead stock 0.1599 g of Pb(NO3)2 was dissolved in milli-Q water and 1 

mL of HNO3 and diluted to 100 mL. The metal concentrations in the synthetic stormwater used 

are provided in Table 7. The pH of the synthetic stormwater was not controlled and the 

experiments were conducted at room temperature.  

Table 7 - Pilot experiment 2 stormwater concentrations 

Metal Concentration (ppb) 

As 17.4 

Cd 10.79 

Pb 13.7 
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As with the first pilot experiment, these concentrations were selected to be representative 

of outflow concentrations from stormwater management facilities based on the EMC data 

presented in the SWAMP report.    

2.2.3 BATCH	ISOTHERM	EXPERIMENT	

The adsorption isotherms were determined through batch experiments using 50 mL 

polypropylene conical centrifuge tubes. Each tube contained 45 mL of synthetic stormwater and 

1 +/- 0.001g of sand. The reactors were placed on a reciprocating shaker table operating at 250 

rpm and allowed to equilibrate for 48 hours. All of the batch isotherm experiments were 

conducted at room temperature. A blank sample, with no sand, was evaluated using the highest 

stormwater concentration (SW8) so that any potential adsorption of the metals onto the reactor 

vessel wall could be quantified.  

The metal stock solutions from pilot experiment 2 were used to prepare the synthetic 

stormwater for the batch isotherm experiments. Eight stormwater solutions were tested. The 

concentrations of the eight stormwater solutions used are provided in Table 8. Due to a dilution 

error the arsenic concentrations were ten times higher than desired. Duplicate trails of each 

stormwater were conducted, for a total of 16 trials for each adsorbent. The pH of the synthetic 

stormwater was not controlled during the experiment.  
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Table 8 – Minimum detection limits, PWQO, average concentration ranges, SWAMP EMC and 
concentration of synthetic stormwaters used in isotherm and kinetic experiments. 

 As (µg/L) Cd (µg/L) Pb (µg/L) 

MDLa 0.5 0.05 0.2 

PWQO 4b 0.1 – 0.5 1 – 5 

ACRc 1- 210d 1 – 24e 38 – 55e 

SWAMP EMC NA 0.1 - 1.7 <dl – 4.9 

SW 1 447 12 24 

SW 2 870 24 54 

 SW 3 1 780 45 103 

SW 4 3 384 88 208 

SW 5 6 800 179 431 

SW 6 13 471 344 824 

SW 7 26 516 653 1 590 

SW 8 44 465  982 2 455 

a MDL = minimum detection limit  
b this is the Danish emission limit value (DELV) (Genç-Fuhrman et al. 2007). An objective for arsenic is not 
provided in the PWQO.  
c ACR = average concentration range 
d Value from Genç-Fuhrman et al. (2007) 
e Values are from the Ontario Stormwater Management Planning and Design Manual (2003) 

 

After 48 hours of shaking, the tubes containing Greensand were visibly cloudy. To 

remove the suspended sediment in these tubes, the supernatant was filtered through 8 µm, grade 

40, Whatman filter paper. The Ladybug tubes remained clear after 48 hours and therefore the 

supernatant was directly collected.  The final samples were collected in 50 mL polypropylene 

tubes and stored at 4°C prior to analysis.   
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2.2.4 BATCH	KINETICS	EXPERIMENT	

The adsorption kinetics experiment was also conducted in 50 mL polypropylene conical 

centrifuge tubes. Each reactor contained 45 mL of stormwater and 1 +/- 0.001 g of sand. These 

reactors were shaken on the reciprocating tables used in the adsorption isotherm experiment. 

Kinetic curves were determined for stormwaters 5 and 8 (see Table 8 for concentrations). 

Stormwaters 5 and 8 were selected because it was assumed that these concentrations would be 

sufficiently high to establish kinetic curves over a 24-hour period, and differed by a factor of >5 

for each element, so that the potential effects of concentration on kinetics might be observed. 

Two centrifuge tubes of each stormwater and sand were removed from the shaker table and 

decanted at 15 minutes, 30 minutes, 1 hour, 3 hours, 6 hours and 24 hours, for a total of 24 

samples. The supernatant samples from the Greensand samples were filtered through 8 µm, grade 

40, Whatman filter paper to remove suspended sediment. The Ladybug Sand samples were not 

filtered, as they did not contain any visible suspended sediment. The samples were stored in 50 

mL polypropylene tubes at 4°C prior to analysis.     

2.3 ANALYTICAL	METHODS	

All samples were sent to the Bureau Veritas Minerals lab in Vancouver for analysis. Water 

samples were analyzed for cations using ICP-MS. Sand samples were analyzed using a multi-

acid digestion and ICP-ES. The ICP-MS detection limits for As, Cd, Cu, Fe, Pb and Zn were 0.5 

ppb, 0.05 ppb, 0.1 ppb, 10 ppb, 0.1 ppb and 0.5 ppb, respectively.  
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2.4 DATA	ANALYSIS	

The batch data derived from the isotherm and kinetic experiments were fit to a variety of 

isotherms and kinetic models. The isotherms and kinetic models were evaluated using both non-

linear and linear regression techniques.  

To perform the non-linear regressions, Excel’s Solver Add-in was used. Using the 

Solver’s GRG (Generalized Reduced Gradient) solving algorithm, isotherm parameters were 

found that minimized the sum-of-squared errors (SSE). The sum-of-squared errors, as defined by 

Bolster & Hornberger (Bolster and Hornberger 2007), is described by equation Eq. 18.  

 !!" = (!!"# − !!"#)! Eq. 18 

Where qexp is the experimental adsorbent loading and qcal is the calculated adsorbent loading.   

To perform the linear regression, the linearized isotherm and kinetic model equations and 

corresponding plots, provided in Table 1 (section 1.2.2) and Table 2 (section 1.2.3) respectively, 

were used. When fitting the Henry isotherm, only the linear (i.e. lowest) part of the concentration 

range was considered.  

The fit of the isotherm and kinetic models were determined using the coefficient of 

determination (R2). The coefficient of determination was calculated using the equation (Eq. 19) 

from Boulinguiez et al. (2008). 

 !! = (!!"# − !!,!"#)!
(!!"# − !!,!"#)! + (!!"# − !!"#)!

 Eq. 19 

Where, qm,exp is the mean experimental adsorbent loading.  
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 The Akaike’s Information Criteria (AIC) was also used to evaluate the fit of the different 

models. The AIC was developed to overcome some of the shortfalls of using the coefficient of 

determination to compare models with different numbers of data points or degrees of freedom 

(Bolster and Hornberger 2007; El-Khaiary and Malash 2011). A model with more data points 

and more fitting parameters will typically be a better fit, which may not be statistically justified 

(Bolster and Hornberger 2007; El-Khaiary and Malash 2011). The AIC, as presented in El-

Khaiary & Malash (2011), is 

 !"# = ! ln !!"
! + 2!! +  2!!(!! + 1)! − !! − 1

 
Eq. 20 

 

where N is the number of data points, Np  is the number of fitting parameters. This equation is 

valid when the number of data points is greater than the number of fitting parameters by three or 

more (Bolster and Hornberger 2007). The model with the lowest AIC is considered to be the best 

of the those considered (Bolster and Hornberger 2007). A summary of the number of degrees of 

freedom (or fitting parameters) used in the AIC calculations for the various models considered 

are provided in Table 9. 
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Table 9 - Number of fitting parameters used in AIC calculations 

Model Np 

Langmuir Isotherm 2 

Freundlich Isotherm 2 

Henry Isotherm 1 

Pseudo-First-Order  2 

Pseudo-Second-Order 2 

HSDM 1 

 

Homogenous Surface Diffusion Model (HSDM) 

The homogenous surface model (HSDM) was solved using the user-oriented solution developed 

by Zhang et al. (2009). This solution is an extension of the solution developed by Hand et al. 

(1983).  The user-oriented solution works by calculating the dimensionless concentration ! using 

Eq. 21 (Hand et al. 1983). 

 ! = !! + !! ln ! + !! ln ! ! + !! ln ! ! 
 

Eq. 21 
 

Where, A0, A1, A2 and A3 are empirically determined constants, and ! is dimensionless time. The 

empirical constants were selected from a table provided by Zhang et al. (2009). These constants 

are dependent on the Freundlich parameter 1/n, and the ratio of equilibrium concentration to 

initial concentration (Ce/Co). The dimensionless time was calculated using Eq. 22. 

 ! = !!
!
!!!

 
Eq. 22 
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The empirical equation for dimensionless concentration (Eq. 21) was optimized by finding the 

surface diffusion coefficient (Ds) that minimizes the objective function (OF), which is described 

by equation Eq. 23. 

 
!" =

!!"#",! − !!"#$%,!
!!"#",!

!
 !

!!!

! − 1  

Eq. 23 
 

where !!"#$% is calculated using the empirical equation (Eq. 21) and !!"#" was calculated using 

Eq. 24, 

 !!"#" =
! ! − !!
!! − !!

 
Eq. 24 

 

where C(t) is the concentration at time t, Ce is the equilibrium concentration and Co is the initial 

concentration. The empirical constants used in the calculations are provided in Table 10 
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Table 10 - Parameters used in empirical equation that describes the HSDM solution for batch 
reactors, adapted from Zhang et al. (2009) 

Freundlich 
(1/n) 

Ce/Co 
! = !! + !! ln ! + !! ln ! ! + !! ln ! !  

Equation Valid for 

following !  range 

A0 A1 A2 A3  Lower Upper 

0.3 0.001 8.48276x10-1 4.69793x10-1 7.59594x10-2 2.81270x10-3  1.10x10-4 2.20x10-2 

 0.2 9.58145x10-2 1.78899x10-1 9.53563x10-2 7.66911x10-3  5.40x10-4 3.00x10-1 

 0.4 4.94239x10-2 1.34897x10-1 9.69648x10-2 8.73526x10-3  9.90x10-4 3.00x10-1 

 0.5 2.19306x10-2 1.01747x10-1 9.01030x10-2 8.32783x10-3  9.90x10-4 3.00x10-1 

 0.8 -3.88441x10-2 2.56893 x10-2 7.29750x10-2 7.20863x10-3  9.90x10-4 3.00x10-1 

 0.9 -5.34998x10-2 6.64081x10-3 6.85331x10-2 6.90873x10-3  9.90x10-4 3.00x10-1 

0.4 0.01 2.94919x10-1 2.17595x10-1 4.53972x10-2 1.63889x10-3  1.65x10-4 7.45 x10-2 

 0.1 1.19490x10-1 1.71903x10-1 7.02191x10-2 4.60326x10-3  1.55x10-4 2.30x10-1 

 

Once the optimized !!"#$% was determined the concentration at time (t) was calculated by 

rearranging equation Eq. 24. 

 ! ! = !!"#$% !! − !! + !! Eq. 25 
 

The adsorbent loading was then calculated from the mass balance (Eq. 3) and the SSE, 

coefficient of determination (R2) and AIC were calculated using equations Eq. 18, Eq. 19 and 

Eq. 20 respectively. 
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3 RESULTS	&	DISCUSSION	

3.1 PILOT	EXPERIMENT	1	

An individual metal was selected for further investigation if its concentration was reduced over 

the 48-hour sampling period, and if it did not exhibit significant amounts of desorption during 

that time. Of the four metals tested, arsenic was the only metal effectively reduced by both sands, 

specifically under oxic conditions. Under anoxic conditions, arsenic exhibited high levels of 

desorption (Figure 6). Although some amount of desorption from the Ladybug Sand did occur 

under oxic conditions (Figure 6a), the arsenic concentration never went above its initial level. 

Conversely under anoxic conditions, the Ladybug Sand released more arsenic than it adsorbed, 

and the Greensand started releasing arsenic right away. Furthermore, the arsenic in the 

Greensand samples did not drop below the initial level until after 3 hours. In strongly reducing 

environments (i.e. low oxygen saturation) the preferential arsenic species is solid arsenic 

(Takeno 2005). This may account for the release of arsenic from both sands in anoxic conditions.     

(a) Ladybug Sand (b) Greensand 

  

Figure 6 – Pilot experiment 1: water phase concentrations of As over 48-hour sampling period 
for (a) Ladybug Sand and (b) Greensand 
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As seen in Figure 7, Figure 8 and Figure 9, copper iron and zinc were not effective 

adsorbed by the sands. In each case they exhibited high levels of desorption or were not 

significantly reduced during the 48-hour sampling period.  

(a) Ladybug Sand (b) Greensand 

  

Figure 7 – Pilot experiment 1: water phase concentrations of Cu over 48-hour sampling period 
for (a) Ladybug Sand and (b) Greensand 

 

(a) Ladybug Sand (b) Greensand 

  

Figure 8 – Pilot experiment 1: water phase concentrations of Fe over 48-sampling period for (a) 
Ladybug Sand and (b) Greensand 
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(a) Ladybug Sand (b) Greensand 

  

Figure 9 – Pilot experiment 1: water phase concentrations of Zn over 48-hour sampling period 
for (a) Ladybug Sand and (b) Greensand 

 

Analysis of the sand revealed that both the Ladybug Sand and Greensand contained high 

quantities of copper, iron and zinc relative to the concentrations used in the synthetic 

stormwaters (Table 11). The concentration of arsenic in both sands was below the minimum 

detection limit (MDL) of 5 ppm.  

Table 11 - Concentration of Cu, Fe, Zn and As in Ladybug and Green sands as well as anoxic 
and oxic synthetic stormwaters from pilot experiment 1 

Metal Ladybug Sand Greensand Anoxic S.W. Oxic S.W. 

Copper 7 ppm 4 ppm 23.4 ppb 44.6 ppb 

Iron 320 000 ppm 190 000 ppm 66 ppb 32 ppb 

Zinc 7 ppm 17 ppm 127.8 ppb 194.9 ppb 

Arsenic < 5 ppm* < 5 ppm* 11.1 ppb 22.4 ppb 

Cadmium 1.9 ppm < 0.4 ppm * NA NA 

Lead 86 ppm < 5 ppm * NA NA 

*Below minimum detection limit (MDL) 
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Based on the results of the first pilot experiment, iron, copper and zinc were dropped from 

the subsequent experiments, while cadmium and lead, other SWAMP priority pollutants, were 

added to the investigation. The concentrations of cadmium and lead in the Ladybug Sand were 

1.9 ppm and 86 ppm respectively and in the Greensand were below the MDL of <0.4 ppm and 

<5 ppm respectively. Therefore, it seemed plausible that the sands could be effective at removing 

these metals.  

3.2 PILOT	EXPERIMENT	2	

The second pilot experiment determined if the sands were capable of removing the new set of 

metals. Arsenic, cadmium and lead were reduced by both the Ladybug and Greensand (Figure 

10).  

(a) Ladybug Sand (b) Greensand 

  

Figure 10 – Water phase concentration of As, Cd and Pb in (a) Ladybug Sand samples and (b) 
Greensand samples 

 

Since both sands were capable of removing arsenic, cadmium and lead, the adsorption 

isotherms and kinetics of these metals were investigated in the subsequent experiments.    
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3.3 ISOTHERM	EXPERIMENTS	

The Langmuir, Freundlich and Henry isotherms were fit to the batch isotherm data using 

nonlinear and linear regressions. The linear regression plots are available in Appendix B. The 

coefficient of determination (R2) and AIC were used to evaluate the fit of the different isotherm 

equations.  

The adsorption isotherms determined likely represents the sands’ maximum adsorption 

capacities of the metals considered, as in reality stormwater contains many additional 

contaminants that may compete for adsorption binding sites.  

The blank samples tested to account for any potential adsorption to the containers showed 

that the metals did not adsorb to the container and therefore did not impact the isotherm or 

kinetic results.  

3.3.1 LADYBUG	SAND		

The results of the nonlinear regression of the Langmuir, Freundlich and Henry isotherms fit to 

the Ladybug Sand batch data are provided in Table 12.  

In order of preference, the arsenic data fit the Langmuir (R2 = 0.943, AIC = 106) then 

Freundlich (R2 =0.823, AIC = 122) isotherms. The linear arsenic concentration range, 447 to 3 

384 ppb (SW1 to SW4), fit the Henry isotherm well, with an R2 of 0.912 and AIC of 49.261.  

The entirety of cadmium data also fit the Langmuir (R2 = 0.940, AIC = 43), then 

Freundlich (R2 = 0.823, AIC = 59) isotherms. The linear concentration range for cadmium, 12 to 

344 ppb (SW1 to SW6), fit the Henry isotherm very well with a R2 of 0.969 and AIC of 13. 
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From the Langmuir parameters it can be seen that Ladybug Sand preferentially adsorbs 

arsenic over cadmium. The arsenic isotherm had a preferential b value of 9.388x10-4 compared to 

cadmium’s 0.188. A smaller b value indicates that the equilibrium adsorbent loading is reached 

at a lower concentration.  

An isotherm could not be determined for lead because it was reduced to almost zero in 

every sample. Therefore, to establish an isotherm for lead, higher concentrations should be 

tested.  

Table 12 - Isotherm parameters derived from nonlinear regression of Ladybug Sand batch data.  

Isotherm Parameters As Cd Pba 

Langmuir 

(nonlinear) 

R2 0.943 0.940 - 

AIC 106.552 

 

43.033 

 

- 

b 9.388x10-4 0.188 - 

qm (µg/g) 269.644 42.626 - 
Freundlich 

(nonlinear) 

R2 0.823 0.823 - 

AIC 122.225 

 

59.392 

 

- 

K (L/g) 19.842 8.582 - 

1/n 0.256 0.355 - 
Henry 

(nonlinear) 

 

R2 0.912 

 

0.721 

 

- 

AIC 49.261 

 

13.615 

 

- 

KH (L/g) 0.140 

 

1.893 

 

- 
a the initial lead concentration in the water was not high enough to establish an isotherm 

 
 

For comparison, the Langmuir parameters derived from the nonlinear and linear 

regressions are provided in Table 13. Based on the coefficients of determination, the nonlinear 
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regression outperformed all linear regressions. Of the linearized equations, the first linear 

equation (LE 1) produced a good estimate of the fitting isotherm parameters, with a R2 of 0.941.  

Table 13 - Comparison of Langmuir isotherm parameters determined by nonlinear and linear 
regressions for Ladybug Sand batch data 

Isotherm Parameters As Cd Pba 

Langmuir (nonlinear) R2 0.943 0.940 - 

b 0.001 0.188 - 

qm (µg/g) 269.644 42.626 - 
LE 1 (linear) R2 0.941 0.918 

 

- 

b 0.001 0.134 - 

qm (µg/g) 265.640 42.905 - 
LE 2 (linear) R2 0.383 0.456 - 

b 0.005 -0.035 - 

qm (µg/g) 135.983 -129.751 - 
LE 3 (linear) R2 0.771 0.752 - 

b 0.002 0.235 - 

qm (µg/g) 214.854 30.641 - 
LE 4 (linear) R2 0.908 0.872 - 

b 0.002 0.081 - 

qm (µg/g) 253.272 64.888 - 
a the initial lead concentration in the water was not high enough to establish an isotherm 
 
 

The Freundlich isotherm parameters derived from the nonlinear and linear regressions are 

provided in Table 14. Interestingly, the nonlinear and linear regressions produced the same R2 

value but different isotherm parameters. Even when the Solver optimization program was run 
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with the linear isotherm parameters as initial conditions, the nonlinear regression produced K and 

1/n values of 19.842 and 0.256 respectively. Although the coefficients of determination were the 

same, the nonlinear SSE was 24 439, much smaller than the linear SSE of 48 404. A lower SSE 

indicates that the variances between model and experimental values were smaller.  

Table 14 – Comparison of Freundlich isotherm parameters determined by nonlinear and linear 
regressions of Ladybug Sand batch data 

Isotherm Parameters As Cd Pba 

Freundlich (nonlinear)  
R2 0.823 0.823 - 

K (L/g) 19.842 8.582 - 

1/n  0.256 0.355 - 

Freundlich (linear) 
R2 0.823 0.711 - 

K (L/g) 6.320 3.961 - 
1/n 0.385 0.681 - 

a the initial lead concentration in the water was not high enough to establish an isotherm 
 
 

Plots of the Ladybug Sand batch equilibrium data and best-fit Langmuir, Freundlich and 

Henry isotherms are provided in Figure 11.     
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(a) Arsenic 

  

 
 
 
 
 
(b) Cadmium 

  

 
 
 
 
 
(c) Lead 

 

Figure 11 - Ladybug Sand batch equilibrium data and best-fit isotherms  
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3.3.2 GREENSAND		

The coefficients of determination and isotherm parameters of the Langmuir, Freundlich and 

Henry isotherms fit to the Greensand batch data using nonlinear regression are provided in Table 

15.  

In order of preference, the arsenic data fit the Freundlich (R2 = 0.850, AIC = 127) then 

Langmuir (R2 = 0.791, AIC = 138) isotherms. The arsenic Freundlich isotherm parameters, K 

and 1/n, were 18.075 and 0.272 respectively.  Over the linear concentration range the arsenic 

data fit the Henry isotherm with an R2 of 0.832 and AIC of 52. The linear concentration range for 

arsenic was 447 to 1 780 ppb (SW1 - SW3). 

The lead data also fit the Freundlich (R2 = 0.896 and AIC = 79) then Langmuir (R2 = 

0.874, AIC = 86) isotherms. The lead Freundlich isotherm parameters, K and 1/n, were 13.278 

and 0.327 respectively. The linear lead concentration range, 24 to 825 ppb (SW1 - SW6), fit the 

Henry isotherm with a R2 of 0.744 and AIC of 64. 

From the Freundlich adsorption isotherm parameters it can be seen that Greensand 

preferentially adsorbs arsenic over lead. The arsenic K and 1/n values were favorably larger and 

smaller respectively than the lead values.  

The Greensand did not effectively remove cadmium. Therefore, the isotherms could not 

be fit to the cadmium data.   
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Table 15 - Langmuir, Freundlich and Henry isotherm parameters and coefficient of 
determination of nonlinear regressions using Green sand batch data.  

Isotherm Parameters As Cda Pb 

Langmuir R2 0.791 - 0.874 

AIC 138.448 

 

- 86.279 

 b  2.022x10-4 - 0.026 

qm (µg/g) 347.186 - 98.103 

Freundlich R2 0.850 - 0.896 

AIC 127.103 

 

- 79.668 

 K (L/g) 18.075 - 13.278 

1/n  0.272 - 0.327 

Henry R2 0.721 - 0.744 

AIC 1.893 - 64.610 

 KH (L/g) 52.424 - 1.150 

a Cadmium was not effectively removed 
 

For comparison, the Langmuir parameters derived from the nonlinear and linear regressions are 

provided in Table 16. As seen in Table 16, the nonlinear regression outperformed all of the linear 

regressions. Of the linearized equations, the first equation (LE 1) produced the best fitting 

Langmuir parameters with a R2 of 0.786.  
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Table 16 - Langmuir isotherm parameters determined by nonlinear and linear regressions for 
Greensand batch data 

Isotherm (regression) Parameters As Cda Pb 

Langmuir (nonlinear) R2 0.791 - 0.874 

 b 2.022x10-4 - 0.026 

qm (µg/g) 347.186 - 98.103 

LE 1 (linear) R2 0.786 - 0.876 

b 4.032x10-4 

 

- 0.031 

qm (µg/g) 326.375 - 97.788 

LE 2 (linear) R2 0.287 - 0.309 

b 0.193 - 7.159 

qm (µg/g) 136.454 - 0.917 

LE 3 (linear) R2 0.353 - 0.044 

b 0.178 - 1.251 

qm (µg/g) 183.552 - 33.408 

LE 4 (linear) 
R2 0.588 - 0.686 

b 0.054 - 0.054 

qm (µg/g) 260.166 - 129.157 
a Cadmium was not effectively removed 

 

The Freundlich isotherm parameters derived from the nonlinear and linear regressions are 

provided in Table 17. As with the Langmuir isotherm, the nonlinear regression provided better 

fitting Freundlich isotherm parameters than the linear regression.  
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Table 17 - Freundlich isotherm parameters determined by nonlinear and linear regressions of 
Greensand batch equilibrium data 

Isotherm Parameters As Cda Pb 

Freundlich (nonlinear) 

R2 0.850 - 0.896 

K (L/g) 18.075 - 13.278 

1/n 0.272 - 0.327 

Freundlich (linear) 

R2 0.800 - 0.872 

K (L/g) 27.955 - 5.416 

1/n 0.222 - 0.511 

a Cadmium was not effectively removed 
 

There was no difference between the nonlinear and linear regressions of the Henry 

isotherm. This was expected, as the Henry isotherm is inherently linear.  

The Greensand batch equilibrium data and best-fit Langmuir, Freundlich and Henry 

isotherms are provided in Figure 12.  
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(a) Arsenic 

  

 
 
 
 
 
(b) Cadmium 

 

 
 
 
 
 
(c) Lead 

 

Figure 12 – Greensand batch equilibrium data and best-fit isotherms  
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3.4 KINETIC	EXPERIMENTS	

The batch kinetic experiments were conducted to determine the sands’ kinetic coefficients for the 

adsorption of arsenic, cadmium and lead. To determine these coefficients, the pseudo-first-order, 

pseudo-second-order and HSDM kinetic models were fit to the experimental data using nonlinear 

and linear regressions. The linear regression plots are available in Appendix C. The coefficient of 

determination (R2) and AIC were used to identify the best-fit model. The model parameters that 

were obtained include the pseudo-first-order rate constant (k1), the pseudo-second-order rate 

constant (k2) and corresponding calculated equilibrium adsorbent loading (qe, calc), and the 

surface diffusion coefficient (Ds). Adsorption kinetics were determined at two different 

stormwater concentrations: SW5 and SW8.  

3.4.1 LADYBUG	SAND	

Table 19 has the results from the nonlinear regression of the Ladybug Sand kinetic data. The 

pseudo-first-order and pseudo-second-order reaction kinetic models described the experimental 

data well, with R2 values > 0.9, except for the SW8 arsenic data. The model fitting for the SW8 

arsenic data was affected by the concentration of the samples taken at 24 hours (Figure 13). At 

24 hours the concentration was higher, and therefore the adsorbent loading was lower, than what 

would be expected by the models. This indicates that there may have been some desorption of 

arsenic around this time. The reaction kinetic coefficients were dependent on initial metal 

concentrations. Typically, the pseudo-first-order (k1) and pseudo-second-order (k2) reaction 

coefficients decrease with increasing initial concentration (Plazinski et al. 2009). A decrease in 

k1 or k2 corresponds to an increase in time required to reach equilibrium. Both cadmium and lead 

exhibited this inverse relationship, but arsenic did not.  
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Table 18 – Reaction kinetic model parameters for Ladybug Sand 

Kinetic Model 

(Regression) 
Parameter 

SW5  SW8 

As Cd Pb  As Cd Pb 

Pseudo-1st-Order 

(nonlinear) 

R2 0.980 0.984 0.988  0.712 0.995 0.926 

AIC 69.302 -22.165 -3.475  115.111 6.142 73.894 

k1 (hr-1) 0.070 0.351 0.497  0.555 0.041 0.120 

qe, calc (µg/g) 194.196 7.987 19.017  227.339 48.294 108.606 

Pseudo-2nd-Order 

(nonlinear) 

R2 0.983 0.971 0.960  0.702 0.994 0.910 

AIC 66.965 -15.329 12.368  113.176 9.448 76.818 

k2 (g/µg hr) 2.447x10-4 0.054 0.032  3.425x10-3 4.146x10-4 8.104 x10-4 

qe, calc (µg/g) 254.631 8.681 20.619  243.594 71.264 134.502 

HSDM 

(nonlinear) 

R2 0.751 0.593 -  0.755 0.580 - 

AIC 106.553 18.247 -  113.007 77.169 - 

Ds (µm2/min)  11.076 2.392 -  23.009 5.602 - 

rp  (µm) 315.250 315.250 -  315.250 315.250 - 

Ce/Co 0.400 0.010 -  0.900 0.100 - 

1/n 0.300 0.400 -  0.300 0.400 - 

qe = equilibrium adsorbent loading  
a the HSDM model could not be fit to the cadmium data for Ladybug Sand because a isotherm was not 
established 

 

It is difficult to draw conclusions about the nature of the adsorption process based on the 

results of the pseudo-first-order and pseudo-second-order model fitting, because these models 

have successfully simulated the kinetics of adsorption systems with different controlling mass 

transfer mechanisms (Plazinski et al. 2009). Furthermore, for the purposes of predicting 
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breakthrough behavior of adsorption columns, it has been found that the reaction coefficients 

determined from batch experiments are often not applicable in conditions dissimilar from the 

experiment (Worch 2012). However, these models are widely used in adsorption studies and may 

be useful for comparison with other adsorbents.  

Diffusion models, such as the HSDM, tend to more accurately represent actual adsorption 

processes in column reactors and are therefore more useful for design purposes (Qiu et al. 2009). 

Unfortunately, the HSDM did not fit the kinetic data as well as the reaction models and therefore 

the surface diffusion coefficient (Ds) derived from this experiment might not accurately predict 

breakthrough behavior. The coefficients of determination for the HSDM fit to the arsenic data 

was around 0.75 and fit to the cadmium data was around 0.6. Interestingly the AIC for cadmium 

was lower (i.e. better) than for arsenic. This was because the SSE for cadmium was smaller than 

that for arsenic. The poor fit of the HSDM may indicate that surface diffusion is not the rate 

controlling mass transfer mechanisms and that pore diffusion or adsorption reaction kinetics may 

be more significant. Due to the high shaker speeds used, it is unlikely that film diffusion 

significantly impacted the adsorption kinetics. However, to confirm if film diffusion resistance 

had been removed, the kinetic experiment could be repeated at higher agitation speeds. The 

calculation of the user-oriented HSDM solution may also be a source of error. Due to the user-

oriented HSDM solution’s dependence on Freundlich isotherm parameters, the poor fit of the 

surface diffusion model could partially be a function of the less than optimal fit of the Freundlich 

isotherm. The user-oriented solution also relies on the selection of empirical constants to 

calculate a dimensionless concentration (Eq. 21). The constants provided by Zhang et al., (2009) 

do not match the experimental conditions exactly. Therefore, to obtain a better estimation of Ds 
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numerical methods could be applied. Furthermore, the HSDM assumes that the adsorbent is a 

homogenous sphere, which is likely not the case for Ladybug Sand.  

The experimentally determined Ds values for the adsorption of arsenic and cadmium by 

Ladybug Sand were within the typical range of Ds values for activated carbon - 10-11 m2 s-1 to 10-

15 m2 s-1 (Worch 2012). The surface diffusion coefficient (Ds) was dependent on the initial 

concentration. The surface diffusion coefficient (Ds) increased, approximately doubling, as the 

initial concentration increased. The concentration dependence of the surface diffusion coefficient 

is a consequence of changing adsorbent surface loading and subsequently, changes in adsorption 

energy (Worch 2012). The HSDM could not be fit to the lead data because adsorption isotherms 

were not established for lead.  

The experimental kinetic data and fitted kinetic models are provided in Figure 13. 
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For comparison, the reaction kinetic model parameters derived from the nonlinear and 

linear regressions are provided in Table 19. In general, the nonlinear regression outperformed the 

linear regression fitting procedure. The only exception was the linear pseudo-second-order model 

 SW5 SW8 

(a) 
Arsenic  

  

(b) 
Cadmium  

  

(c) Lead  

  

 Figure 13 - Ladybug Sand kinetic data and kinetic models derived from nonlinear 
regression 
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fit to the SW8 arsenic data, which had an R2 of 0.735 compared to the nonlinear 0.702. The 

reason for this is unclear.  

Table 19 – Comparison of reaction kinetic model parameters determined by nonlinear and linear 
regressions for Ladybug Sand  

Kinetic Model 

(Regression) 
Parameter 

SW5  SW8 

As Cd Pb  As Cd Pb 

Pseudo-1st-Order 

(nonlinear) 

R2  0.980 0.984 0.988  0.712 0.995 0.926 

k1 (hr-1) 0.070 0.351 0.497  0.555 0.041 0.120 

qe, calc (µg/g) 194.196 7.987 0.960  227.339 48.294 108.606 

Pseudo-1st-Order 

(linear) 

R2 0.964 0.792 0.812  0.611 0.909 0.918 

k1 (hr-1) 0.064 0.246 0.189  0.067 0.056 0.146 

Pseudo-2nd-Order 

(nonlinear) 

R2 0.983 0.971 0.960  0.702 0.994 0.910 

k2 (g/µg hr) 2.447x10-4 0.054 0.032  3.425x10-3 4.146x10-4 8.104x10-4 

qe, calc (µg/g) 254.631 8.681 20.619  243.594 71.264 134.502 

Pseudo-2nd-Order 

(linear) 

R 0.970 0.965 0.950  0.735 0.966 0.518 

k2 (g/µg hr) 4.359x10-4 0.064 0.038  1.146x10-3 2.832 x10-5 1.292x10-4 

qe, calc (µg/g) 226.107 8.359 19.704  272.889 206.608 188.038 

qe = equilibrium adsorbent loading  
 

3.4.2 GREENSAND	

Table 20 has a summary of the kinetic model parameters derived from the nonlinear regression 

of the Greensand kinetic data. The pseudo-first-order and pseudo-second-order reaction kinetic 

models fit the lead kinetic data well, with R2 values around 0.9 and above. The reaction models 

described the arsenic kinetic data slightly worse, with R2 values of around 0.8. Greensand did not 
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effectively remove cadmium so a kinetic curve could not be established. The reaction kinetic 

coefficients (k1 and k2) were concentration dependent, decreasing with increasing concentration.  

Table 20 - Kinetic model parameters for Greensand 

Kinetic Model 

(Regression) 
Parameter 

SW5  SW8 

As Cda Pb  As Cda Pb 

Pseudo-1st-Order 

(nonlinear) 

R2 0.793 - 0.869  0.798 - 0.962 

AIC 96.645 - 19.502  122.982 - 53.649 

k1 (hr-1) 0.220 - 1.441  0.034 - 0.079 

qe, calc (µg/g) 133.582 - 18.002  454.532 - 84.903 

Pseudo-2nd-

Order 

(nonlinear) 

R2 0.800 - 0.944  0.777 - 0.973 

AIC 93.153 - 4.774  121.706 - 47.649 

k2 (g/µg hr) 2.611x10-3 - 1.089x10-1  1.907x10-4 - 7.762x10-4 

qe, calc (µg/g) 141.569 - 19.160  415.014 - 105.285 

HSDMa 

(nonlinear) 

R2 0.712 - 0.940  0.729 - 0.700 

AIC 99.441 - 8.648  125.409 - 88.438 

Ds (µm2/min)  25.921 - 0.898  9.298 - 11.617 

rp  (µm) 315.250 - 315.250  315.250 - 315.250 

Ce/Co 0.500 - 0.002  0.800 - 0.200 

1/n 0.3 - 0.3  0.3 - 0.300 

qe = equilibrium adsorbent loading  
a Cadmium was not effectively removed  

 

It seems like the HSDM may be an appropriate model to describe the adsorption kinetics 

of arsenic and cadmium by Greensand. The HSDM coefficients of determination, fit to the 

experimental data, were around 0.7, except for SW5 lead, which had an R2 of 0.94. As with the 

Ladybug Sand data, the fit of the HSDM to the Greensand data is influenced by the Freundlich 
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parameters and the empirical constants used to calculate the dimensionless concentration in the 

user-oriented solution from Zhang et al. (2009). This user-oriented solution was used for its 

convenience, but does not provide an entirely accurate picture of the model’s true fit. To get a 

better sense of the surface diffusion model’s true fit, it would be best to employ a numerical 

solution to get a more exact solution.  

The Ds values were dependent on metal concentration. The Ds for arsenic decreased when 

the initial concentration increased, whereas the Ds for lead increased. Additional experiments 

should be conducted to determine Ds values at lower metal concentrations that are more 

representative of stormwater concentrations. The Ds values obtained seem reasonable as they are 

within the typical range for activated carbon.  

As seen in Table 21, the nonlinear regression produced better fitting parameters for the pseudo-

first-order models. Interestingly, the linear regression of the pseudo-second-order model 

marginally outperformed the nonlinear regression in most instances.  
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Table 21 – Comparison of reaction kinetic model parameters determined by nonlinear and linear 
regressions for Greensand 

Kinetic Model 

(Regression) 
Parameter 

SW5  SW8 

As Cda Pb  As Cda Pb 

Pseudo-1st-Order 

(nonlinear) 

R2 0.793 - 0.869  0.798 - 0.962 

k1 (hr-1) 0.220 - 1.441  0.034 - 0.079 

qe, calc (µg/g) 133.582 - 18.002  454.532 - 84.903 

Pseudo-1st-Order 

(linear) 

R2 0.773 - 0.726  0.707 - 0.947 

k1 (hr-1) 0.068 - 0.270  0.029 - 0.057 

Pseudo-2nd-Order 

(nonlinear) 

R2 0.800 - 0.944  0.777 - 0.973 

k2 (g/µg hr) 2.611x10-3 - 0.109  1.907 x10-4 - 0.001 

qe, calc (µg/g) 141.569 - 19.160  415.014 - 105.320 

Pseudo-2nd-Order 

(linear) 

R2 0.826 - 0.947  0.758 - 0.973 

k2 (g/µg hr) 0.002 - 0.093  3.359E-04 - 0.001 

qe, calc (µg/g) 158.730 - 19.608  370.370 - 113.636 

a Cadmium was not effectively removed  
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The Greensand kinetic data and fitted kinetic models are provided in Figure 14.   

 

 SW5 SW8 

(a) 
Arsenic  

  

(b) 
Cadmium  

  

(c) Lead  

  

 Figure 14 - Greensand kinetic data and kinetic models derived from nonlinear regression 
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3.5 PROBABLE	METAL	SPECIES		

Unfortunately the pH was not controlled during the experiment. However, pH values were 

obtained retroactively. The initial pH of the 8 stormwaters ranged from approximately 2 – 3, 

with pH decreasing with increasing stormwater concentration.  After adding 1 g of sand and 24 

hours of shaking, the pH of the stormwaters increased. The pH of the stormwaters with Ladybug 

Sand increased to 7 – 11. The increase in pH is likely due to the buffering capacity of the CaCO3 

in the Ladybug Sand. Greensand on the other hand did not have much buffering capacity with 

the final pH of the stormwaters ranging between 2 – 4. Given the stormwater was oxic, the 

probable metal species are presented in Table 22. These metal species were obtained from the 

Eh-pH diagrams presented in Appendix E. 

Table 22 - Probable metal species in stormwater samples after 24 hours 

Metal Ladybug Sand Samples Greensand Samples 

As HASO4
[2-] H2ASO4

[1-]/HASO2 (aq) 

Cd Cd[2+]/CdOH[1+]/CdO (aq) Cd[2+] 

Pb PbOH[1+]/PbO (aq) Pb[2+] 

 

3.6 FEASIBILITY	OF	ADSORBENT	COLUMN:	MAXIMUM	SERVICE	LIFE			

The feasibility of using Ladybug Sand and Greensand in an adsorption column to treat 

stormwater was investigated by calculating their potential maximum service life using the 

equilibrium column model (ECM). The ECM is the simplest “BTC” model, as it only considers 

the adsorption isotherm (Worch 2012). However, it can’t be considered a complete BTC model, 

because it does not consider kinetics and therefore cannot be used to predict actual breakthrough 
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behavior. To calculate the maximum service time the following equation was used (Worch 

2012), 

 !!" =
!!!!

!!!
 Eq. 26 

 

where tst is the stoichiometric time (or maximum service time), mA is the mass of adsorbent, ! is 

the volumetric flow rate, co is the inlet concentration and qo is the equilibrium adsorbent loading 

related to the inlet concentration.  

 The mass of adsorbent was calculated using Eq. 27  

 !! = !!!! Eq. 27 
 

where !! is the adsorbent density and !! is the adsorbent volume. For a cylindrical column the 

adsorbent volume is described by  

 !! = ! ∙  !!"#! ∙ ℎ!"# Eq. 28 
 

where rcol is the column radius and hcol is the column height. The volumetric flow rate was 

calculated using rational method formula Eq. 29, 

 ! =! ∙ ! ∙ ! Eq. 29 
 

 

where W is the runoff coefficient (i.e. the percentage of precipitation that is converted into 

runoff), i is the rainfall intensity and A is the drainage area.   
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The first step to calculate the maximum service life using the ECM is to determine the 

sands’ adsorption capacity for each metal (qo) at the relevant inlet concentrations from the 

adsorption isotherms. For this exercise the inlet concentrations for arsenic, cadmium, and lead 

were taken as 100 µg/L, 2 µg/L and 40 µg/L respectively. These concentrations are 

representative of the event mean concentrations from the SWAMP study and typical stormwater 

concentrations. 

  For comparison, the equilibrium adsorbent loadings (qo) of Ladybug Sand, Greensand 

and selected adsorbents are provided in Table 23. All of the adsorbents listed were studied for 

stormwater treatment. The equilibrium adsorbent loadings (qo) were calculated from the best-fit 

isotherms presented in the journal articles referenced, and correspond to the previously 

mentioned equilibrium concentrations for arsenic, cadmium and lead.  
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Table 23 – Equilibrium adsorbent loadings for As, Cd and Pb at 100, 2 and 40 µg/L  

Metal Adsorbenta qo 
b (mg/g) Isotherm R2 Reference 

As Ladybug Sand 0.023 Langmuir 0.94  

As Greensand 0.066 Freundlich 0.85  

Cd Ladybug Sand 0.012 Langmuir 0.94  

Pb Greensand 0.044 Langmuir 0.90  

As Alumina 1.600 x 10208 Freundlich 0.93 Genç-Fuhrman et al., 2007 

As GFH 155.191 Freundlich 0.87 Genç-Fuhrman et al., 2007 

As Ironhydroxide  0.102 Freundlich 0.93 Wu & Zhou, 2009 

As 
50/50 Ironhydroxide & 

Zeolite 0.122 
Freundlich 

0.89 
Wu & Zhou, 2009 

Cd Alumina 14.217 Freundlich 0.91 Genç-Fuhrman et al., 2007 

Cd NZ 0.401 Freundlich 0.94 Genç-Fuhrman et al., 2007 

Cd GFH 10.133 Freundlich 0.89 Genç-Fuhrman et al., 2007 

Cd IOCS 0.122 Freundlich 0.89 Genç-Fuhrman et al., 2007 

Cd Ironhydroxide  0.008 Freundlich 0.93 Wu & Zhou, 2009 

Cd 
50/50 Ironhydroxide and 

Zeolite 0.007 
Freundlich 

0.94 
Wu & Zhou, 2009 

Pb Olivine 0.457 Freundlich 0.94 Wium-Andersen et al., 2012 

Pb Limestone 0.098 Langmuir 0.94 Wium-Andersen et al., 2012 

a The adsorption isotherms of selected adsorbents were studied at typical stormwater concentrations  
GFH = granulated ferric hydroxide  
NZ = natural zeolite 
IOCS = iron oxide-coated sand  
b The adsorbent loadings (qe) correspond to the equilibrium concentrations (ce), As = 100 µg/L, Cd = 2 µg/L and Pb = 40 
µg/L 
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As seen in Table 23 the adsorption capacities of Ladybug Sand and Greensand are lower 

than most of the other adsorbents listed. The only exceptions were ironhydroxide, 50/50 

ironhydroxide and zeolite, and limestone.  

If a filter were to be designed to remove the selected metals, the metal with the lowest 

removal efficiency would likely determine the maximum service life. The efficiency of an 

adsorbent can be characterized using the distribution coefficient Kd (Wu and Zhou 2009). 

 !! =
!!
!!

 
Eq. 30 

The distribution coefficient can be thought of as the volume of water treated per mass of 

adsorbent. A lower Kd value indicates a less efficient adsorbent. As seen in Table 24 the metal 

with the lowest Kd for both Ladybug Sand and Greensand was arsenic. Therefore, the maximum 

service life was calculated based on the equilibrium adsorbent loading for arsenic. 

Table 24 - Ladybug Sand and Greensand adsorption efficiencies 

Adsorbent Metal co (µg/L) qo (µg/g) Kd (L/g) 

Ladybug Sand As  100 23 0.23 

Ladybug Sand Cd 2 12 6 

Greensand As 100 66 0.66 

Greensand Pb 40 44 1.1 

 

To calculate the estimated maximum service life the following assumptions were made:  
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• An average annual rainfall intensity of 800 mm – the average annual rainfall in Toronto 

is 792 mm (Statistics Canada 2007) 

• The land has been developed with single family residential units, with a runoff coefficient 

of sixty-five percent (i.e. W = 0.65) (City of Toronto 2009),  

• The filter is a cylinder with a depth of 2 meters  

The maximum service life as a function of drainage area and filter diameter is provided in Table 

25 and Table 26. The longest calculated life expectancy, which assumes a drainage area of 10 

acres and a filter diameter of 5 m, for a Ladybug Sand filter was 6.7 months and for a Greensand 

filter was 20.7 months.  

Table 25 – Ladybug Sand filter life expectancy in months as a function of drainage area and 
column diameter  

		 Filter	Diameter	(m)	
	Drainage	Area	(Acres)	 1	 2	 3	 4	 5	

10	
0.3 1.1 2.4 4.3 6.7 

25	
0.1 0.4 1.0 1.7 2.7 

50	
0.1 0.2 0.5 0.9 1.3 

100	
0.0 0.1 0.2 0.4 0.7 
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Table 26 –Greensand filter life expectancy in months as a function of drainage area and column 
diameter  

		 Filter	Diameter	(m)	
	Drainage	Area	(Acres)	 1	 2	 3	 4	 5	

10	
0.8 3.3 7.5 13.3 20.7 

25	
0.3 1.3 3.0 5.3 8.3 

50	
0.2 0.7 1.5 2.7 4.1 

100	
0.1 0.3 0.7 1.3 2.1 

 

The lifespan of the adsorption filter is dependent on the influent solute concentration. In 

the tables presented above, the inlet concentrations assumed were 100, 2 and 40 µg/L for arsenic, 

cadmium and lead respectively. In reality, the inlet concentrations received by the filter could be 

an order of magnitude smaller. According to the International Storwmater BMP database, the 

average concentrations of arsenic, cadmium in the effluent of stormwater BMP are 1.5, 0.3 and 

5.3 µg/L respectively. The sensitivity of the filters’ life expectancies to changes in influent solute 

concentration are presented in Table 27 and Table 28. The life expectancies were calculated 

assuming a drainage area of 10 acres, and a filter diameter and depth of 5 and 2 m respectively. 

The difference between the ladybug sand’s and greensand’s sensitivity to changes in influent 

arsenic concentration is due to the shape of the sands’ adsorption isotherms within the 

concentration range considered. The ladybug sand’s adsorption isotherm within this range is 

linear, and therefore the sand’s life expectancy was not very sensitive to changes in influent 

arsenic concentration. On the other hand, the Greensand’s life expectancy was very sensitive to 

changes in influent arsenic concentration due to nonlinearity of the adsorption isotherm within 

this range. 
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Table 27 – Life expectancy of a Ladybug Sand filter at different influent arsenic concentrations 

Co	(μg/L)	 qo	(μg/g)	
Life	Expectancy	

(months)	

0.1	 10.16	 7.4	
1	 19.00	 7.4	
5	 29.44	 7.4	
10	 35.55	 7.3	
50	 55.07	 7.1	
100	 66.50	 6.8	

 

Table 28 – Life expectancy of a Greensand filter at different influent arsenic concentrations 

Co	(μg/L)	 qo	(μg/g)	
Life	Expectancy	

(months)	
0.1	 10.16	 3192.8	
1	 19.00	 597.3	
5	 29.44	 185.1	
10	 35.55	 111.7	
50	 55.07	 34.6	
100	 66.50	 20.9	

 

     The results of the feasibility study suggests that Ladybug Sand is likely not suitable for 

use in stormwater treatment due to the relatively low filter life expectancy, however, greensand 

may be a viable adsorbent.  

3.7 ADSORBENT	DISPOSAL		

If using Greensand in an adsorption filter, an important consideration is what to do with the sand 

after it has reached its adsorption capacity. “In Canada, environmental exceedance standards are 

set by [the] Soil, Groundwater and Sediment Standards for Use under Part XV.1 of the 

Environmental Protection Act (EPA) (2011)” (Koumoulas 2015). The generic environmental 

exceedance standards for arsenic, cadmium and lead in sediment are 6, 0.6 and 31 µg/g 

respectively (April 2011). If the Greensand’s metals concentrations fall below the environmental 
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exceedance standards the sand is suitable for direct reuse. Given Greensand’s equilibrium 

adsorbent loadings for arsenic (see Table 28), it is likely the criteria for arsenic will be exceeded. 

In this case, the sand will need to be transferred to a landfill. The disposal of contaminated 

sediment falls under O. Reg. 347 of the EPA (Koumoulas 2015). To determine if the sand is 

suitable for disposal in a non-hazardous landfill a Toxicity Characteristic Leaching Procedure 

(TCLP) test must be conducted (Koumoulas 2015). The TCLP is a test to determines the sand’s 

potential to leach the metals from a landfill (Koumoulas 2015). If the TCLP results exceed 

Ontario’s leachate quality criteria under Schedule 4 of O. Reg. 347 the sand will need to be 

disposed of at a hazardous landfill (Koumoulas 2015).    

4 CONCLUSION	

Ladybug Sand and Greensand were not effective at adsorbing copper, iron and zinc but were 

effective at adsorbing arsenic and lead. Ladybug Sand was also effective at removing cadmium.  

The Langmuir, Freundlich and Henry isotherms fit the equilibrium data for both adsorbents well. 

Furthermore, the pseudo-first-order and pseudo-second order reaction kinetic models fit the 

kinetic data well and the k1 and k2 reaction coefficients were determined. The HSDM data not fit 

the kinetic data as well as the reaction models and therefore the surface diffusion coefficient (Ds) 

derived might not accurately predict breakthrough behavior.  

Ladybug Sand is not likely suitable for use in stormwater treatment due its low adsorption 

capacities. Greensand may be a viable alternative if used in conjunction with other adsorbents. If 

the adsorbent were to be used in stormwater treatment or other applications, the adsorption 

isotherms and kinetic parameters determined from this study could be use to design a pilot scale 



  
  

 
 

68 
 

adsorption column to remove arsenic, cadmium or lead at low concentrations. However, the 

accuracy of the design would benefit from further work to refine the surface diffusion coefficient 

(Ds) in the HSDM. This could be accomplished by more accurately solving the HSDM using 

software such as MatLAB. 

4.1 FUTURE	RESEARCH	

Although the adsorbents are not suitable for use in stormwater treatment, future research could 

be performed to better understand the adsorption mechanisms and to refine the isotherm and 

kinetic parameters if desired.  

Adsorption Mechanism 

Additional information, such as surface morphology, surface chemistry and adsorptive 

thermodynamic data, is required to accurately determine the dominant adsorption mechanisms 

(Tran et al. 2017). To determine the surface morphology, analytical techniques such as a 

scanning electron microscope (SEM), nitrogen adsorption isotherms or X-ray diffraction (XRD) 

can be used (Prahas et al. 2008; Tran et al. 2017). Surface chemistry can be characterized using 

techniques such as Boehm titration and Fourier Transformation Infrared Spectroscopy (FTIR) 

(Prahas et al. 2008; Tran et al. 2017).    

Adsorption Parameters 

Additional studies can be performed to test the effects of pH, temperature, grain size and 

adsorbent dose on the adsorption isotherms and kinetics. If the isotherm experiments were 

repeated, it would be worthwhile to extend the duration of the experiment to ensure equilibrium 

has been reached. To determine the effects of inter-solute interactions, the isotherms and kinetics 



  
  

 
 

69 
 

can also be determined in isolation (i.e. from single solute experiment) and then compared to the 

multi-solute isotherms and the apparent kinetic rates from this study. To refine the surface 

diffusion coefficient (Ds) additional kinetic experiments can be conducted at different shaker 

speeds to ensure the effects of film diffusion have been negated. Furthermore, software such as 

MATLAB can be used to determine a more exact numerical solution of the HSDM. 
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APPENDIX	A:	SWAMP	DATA	

Table 29 - SWAMP Average Event Mean Concentrations and Performance Data (SWAMP, 2015) 
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Table 30 - SWAMP Average Event Mean Concentrations and Performance Data (Continued) (SWAMP, 2015) 
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APPENDIX	B:	ISOTHERM	LINEAR	REGRESSION		

ARSENIC 

LADYBUG SAND GREENSAND 

  

	 	

y	=	0.1399x	
R²	=	0.8367	

0	
20	
40	
60	
80	
100	
120	
140	

0	 200	 400	 600	 800	 1000	

qe
q	

ceq	

Henry	Isotherm	

y	=	1.8935x	
R²	=	-0.0788	

0	
20	
40	
60	
80	

100	

0	 20	 40	 60	

qe
q	

ceq	

Henry	Isotherm	

y	=	0.0038x	+	4.0065	
R²	=	0.9556	

0	

50	

100	

150	

200	

0	 20000	 40000	 60000	

Ce
q/
qe

q	

Ceq	

LE	1	

y	=	0.0031x	+	7.5985	
R²	=	0.83281	

0	
20	
40	
60	
80	

100	
120	
140	

0	 10000	 20000	 30000	 40000	

C e
q/
q e

q	

Ceq	

LE	1	



  
  

 
 

73 
 

	 	

	 	

	 	

y	=	1.4517x	+	0.0074	
R²	=	0.87908	

0	

0.01	

0.02	

0.03	

0.04	

0.05	

0.06	

0.07	

0	 0.01	 0.02	 0.03	 0.04	 0.05	

1/
q e

	

1/Ce	

LE	2	

y	=	0.038x	+	0.0073	
R²	=	0.66953	

0	

0.01	

0.02	

0.03	

0.04	

0.05	

0.06	

0	 0.2	 0.4	 0.6	 0.8	 1	

1/
q e

	

1/Ce	

LE	2	

y	=	-402.49x	+	214.85	
R²	=	0.63619	

-200	

-100	

0	

100	

200	

300	

400	

0	 0.2	 0.4	 0.6	 0.8	

q	

q/c	

LE	3	

y	=	-5.6261x	+	183.55	
R²	=	0.30516	

-100	

0	

100	

200	

300	

400	

500	

0	 10	 20	 30	 40	

q	

q/c	

LE	3	

y	=	-0.0016x	+	0.4003	
R²	=	0.63619	

-0.2	

0	

0.2	

0.4	

0.6	

0.8	

0	 100	 200	 300	 400	

q/
c	

q	

LE	4	

y	=	-0.0542x	+	14.111	
R²	=	0.30516	

-20	

-10	

0	

10	

20	

30	

40	

0	 200	 400	 600	

q/
c	

q	

LE	4	



  
  

 
 

74 
 

	 	

Figure 15 - Linear regression plots for arsenic equilibrium data 
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Figure 16 - Linear regression plots for cadmium data 
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Figure 17 - Linear regression plots for lead equilibrium data 

 	

y	=	-0.7995x	+	33.408	
R²	=	0.04361	

0	

20	

40	

60	

80	

100	

0	 10	 20	 30	 40	

q	

q/c	

LE	3	

y	=	-0.0546x	+	6.9745	
R²	=	0.04361	

0	

5	

10	

15	

20	

25	

30	

35	

0	 20	 40	 60	 80	 100	

q/
c	

q	

LE.	4	

y	=	0.5114x	+	0.7337	
R²	=	0.67618	

0	

0.5	

1	

1.5	

2	

2.5	

-1	 0	 1	 2	 3	

Lo
g	
q e

q	

Log	Ceq	

Freundlich	



  
  

 
 

79 
 

APPENDIX	C:	KINETIC	LINEAR	REGRESSION		

 

Ladybug Sand 

 Arsenic 

(a) 

 

(b) 

 

 
Figure 18 – (a) Pseudo-first-order and (b) pseudo-second-order models applied to arsenic kinetic 

batch data.  
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(a) 
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Figure 19 – (a) Pseudo-first-order and (b) pseudo-second-order models applied to cadmium 

kinetic batch data.  
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 Figure 20 – (a) Pseudo-first-order and (b) pseudo-second-order models applied to lead kinetic 
batch data.  
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GREEN SAND 
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 Figure 21 – (a) Pseudo-first-order and (b) pseudo-second-order models applied to arsenic kinetic 
batch data. 
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 Figure 22 – (a) Pseudo-first-order and (b) pseudo-second-order models applied to Lead kinetic 
batch data. 
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APPENDIX	D:	SPECTRAL	ANALYSIS	OF	SANDS	(ICP-ES)		

 

Table 31 - Spectral analysis of sands (ICP-ES) 

 

 

  

Analyte Wgt Mo Cu Pb Zn Ag Ni Co Mn Fe As U Th Sr Cd Sb Bi V Ca
Unit KG PPM PPM PPM PPM PPM PPM PPM PPM % PPM PPM PPM PPM PPM PPM PPM PPM %
MDL 0 2 2 5 2 0.5 2 2 5 0.01 5 20 2 2 0.4 5 5 2 0.01

Sample Type
Green	Sand Soil 0.01 <2 4 <5 32 <0.5 17 <2 >10000 0.19 <5 <20 <2 64 <0.4 <5 17 8 0.2
Lady	Bug	Sand Soil 0.005 <2 7 86 947 <0.5 5 <2 319 0.32 <5 <20 <2 556 1.9 <5 <5 10 18.47

Pulp	Duplicates
Green	Sand Soil 0.01 <2 4 <5 32 <0.5 17 <2 >10000 0.19 <5 <20 <2 64 <0.4 <5 17 8 0.2
Green	Sand REP <2 5 6 33 <0.5 18 <2 >10000 0.2 <5 <20 <2 66 <0.4 <5 17 8 0.2
Reference	Materials
STD	OREAS45E STD 3 812 16 48 0.6 471 61 575 25.08 16 <20 12 15 <0.4 <5 <5 328 0.06
STD	OREAS25A-4A STD 2 34 27 48 <0.5 47 8 505 6.81 10 <20 12 43 <0.4 <5 <5 165 0.27
BLK BLK <2 <2 <5 <2 <0.5 <2 <2 <5 <0.01 <5 <20 <2 <2 <0.4 <5 <5 <2 <0.01
Prep	Wash
ROCK-VAN Prep	Blank <2 5 <5 38 <0.5 <2 3 706 2.03 <5 <20 3 172 0.5 <5 <5 33 1.85

Analyte Wgt P La Cr Mg Ba Ti Al Na K W Zr Sn Y Nb Be Sc S
Unit KG % PPM PPM % PPM % % % % PPM PPM PPM PPM PPM PPM PPM %
MDL 0 0.002 2 2 0.01 1 0.01 0.01 0.01 0.01 4 2 2 2 2 1 1 0.1

Sample Type
Green	Sand Soil 0.01 0.006 9 6 0.04 554 0.03 0.95 0.09 0.8 <4 17 <2 3 2 <1 <1 <0.1
Lady	Bug	Sand Soil 0.005 0.012 5 8 10.54 43 0.02 0.53 0.1 0.24 <4 7 <2 5 <2 <1 <1 0.7

Pulp	Duplicates
Green	Sand Soil 0.01 0.006 9 6 0.04 554 0.03 0.95 0.09 0.8 <4 17 <2 3 2 <1 <1 <0.1
Green	Sand REP 0.006 10 6 0.05 554 0.03 0.99 0.09 0.81 <4 17 <2 3 2 <1 <1 <0.1
Reference	Materials
STD	OREAS45E STD 0.034 11 1025 0.16 250 0.53 6.91 0.05 0.35 <4 100 <2 9 10 <1 95 <0.1
STD	OREAS25A-4A STD 0.05 17 124 0.31 145 0.89 8.69 0.13 0.51 <4 157 4 10 21 1 13 <0.1
BLK BLK <0.002 <2 <2 <0.01 <1 <0.01 <0.01 <0.01 <0.01 <4 <2 <2 <2 <2 <1 <1 <0.1
Prep	Wash
ROCK-VAN Prep	Blank 0.04 14 2 0.49 848 0.19 6.86 3.44 1.86 <4 58 2 18 5 <1 7 <0.1
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APPENDIX	E:	EH-PH	DIAGRAMS		

 

Figure 23 - Eh-pH diagram for arsenic (Takeno 2005) 
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Figure 24 - Eh-pH diagram for cadmium (Takeno 2005) 
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Figure 25 - Eh-pH diagram for lead (Takeno 2005) 
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GLOSSARY	

SWAMP = Stormwater Assessment and Management Program 

TRCA = Toronto and Region Conservation Authority  

MOE = Ministry of the Environment 

EPA = Environmental Protection Agency  

PWQO = Provincial Water Quality Objectives 

BMP = best management practices 

TSS = total suspended solids 

q = adsorbent loading  

C = concentration  

Ds = surface diffusion coefficient 

k1 = pseudo-first-order reaction coefficient 

k2 = pseudo-second-order reaction coefficient 

HSDM = homogenous surface diffusion model 

BTC = Breakthrough Curve  


