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2- Abstract 

Stormwater runoff from urban areas is primary cause of flooding and erosion of urban streams, 
as well as a major source of pollution of receiving water bodies. Green stormwater infrastructure 
(GSI) is increasingly being employed as a stormwater management tool in urban areas, with the 
intent of using infiltration to address both water quantity and quality concerns. GSI helps 
maintain or restore the natural hydrologic balance through infiltration-bases approaches. 
However, GSI media has limited removal capacity for dissolved contaminants; hence, 
amendments might be required to increase pollutant removal. Adsorption could be an effective 
method for removing dissolved organic and inorganic pollutants thus minimizing their mobility 
into the adjacent ecosystems, and limiting their negative effects on GSI plants.   

The potential of five low-cost and globally available materials including three raw waste products 
- waste tire crumb rubber (WTCR), coconut coir fiber (CCF) and blast furnace slag (BFS) - and two 
modified materials - biochar (BC) and iron coated biochar (FeBC) - as adsorbents for removing 
several classes of pollutants – dissolved metals, nutrients, and polycyclic aromatic hydrocarbons 
– from stormwater were investigated in this study. Adsorption capacities, kinetics and 
environmental parameters effects (pH, ionic strength and dissolved organic carbon) were 
investigated through batch tests using simulated stormwater spiked with a mixture of pollutants 
including; metals (Cr, Cd, Cu, Pb, Ni and Zn), nutrients (NH4+, NO3- and PO43-) and four PAHs: 
pyrene (PYR), phenanthrene (PHE), acenaphthylene (ACY) and naphthalene (NAP). The 
physicochemical characteristics of the adsorbents were assessed by BET-N2 surface area, CHN 
elemental analysis, Fourier transform infrared spectroscopy (FTIR) and scanning electron 
microscope (SEM) equipped with energy dispersive x-ray (EDS). Column study are undertaken to 
investigate sorbent performance under more realistic dynamic conditions and to assess pollutant 
transport and breakthrough.  

Batch test results revealed that adsorbents with higher organic contents (e.g., BC, FeBC and 
WTCR) were more efficient for organic contaminants (e.g., PAHs) sorption, while adsorbents with 
higher polarity surface (e.g., CCF and BFS) were more efficient for inorganic contaminants such 
as metals. All selected sorbents (except BFS) could remove all four PAHs very well (80-100%). BFS 
and CCF had very high removal efficiencies (90-100%) for all 6 metals, while WTCR and BC had > 
90% removal for three metals; Cr, Pb and Cu.  For nutrients, only phosphate could be removed 
well by BFS and FeBC (60-80 %). In terms of environmental parameters, pH and ionic strength of 
solution did not have significant effect on the adsorption of PAHs by all sorbents, while pH 
substantially affected metals sorption capacities as sorption increased by increasing pH. In 
contrast, dissolved organic matter negatively affected both organic (e.g., PAHs) and inorganic 
(e.g., metals) pollutant sorption.  In column experiments all PAHs and metals were 100% removed 
by all media over the tested period. Nutrients behaved differently; ammonium was not removed 
by all media, but phosphate and nitrate were removed by some of media. This research will 
improve our understanding of GSI amendments that can improve water quality while 
simultaneously enhancing GSI hydrologic function. 

  



3- Introduction, project objectives and hypothesis 

Urban stormwater runoff contributes to the flooding and erosion of urban streams. In addition 
to water quantity issues associated with urban stormwater, runoff has also been observed to 
contain potentially detrimental pollutants washed from parking areas, roadways and open 
spaces.  When the pollutants are released into surface waters, such as rivers and lakes, the 
elevated pollutant concentrations pose potential adverse effects to human health and aquatic 
organisms (Hsieh et al. 2005).  Among many pollutants of concern, those frequently identified in 
urban stormwater runoff include metals, nutrients and organic pollutants such as polycyclic 
aromatic hydrocarbons (PAHs) (Wang et al. 2015; Bjorklund et al. 2017; Reddy et al. 2014).  

Metals are of particular concern in stormwater runoff due to their toxicity, ubiquitousness, and 
stability. The major sources of metals in stormwater runoff are building materials (e.g. Cu from 
roofs and Zn from galvanized steel), and traffic-related sources such as brake linings (Cu, Ni, Cr, 
Zn, Pb) and tire wear (Zn). Nutrients (e.g. phosphorus and nitrogen) in stormwater runoff 
originate from lawn fertilizers, atmospheric deposition, automobile exhaust, agriculture, soil 
erosion, pet and yard waste, and detergents. Nutrients are essential elements for plant life and 
animals, but excessive amounts of nutrients in stormwater runoff can cause major ecological and 
health problems; it can accelerate the effects of eutrophication in urban streams and lakes, 
leading to algal blooms which can block sunlight for aquatic plants, and reduce levels of dissolved 
oxygen (Reddy et al. 2014; Bratieres et al. 2008). Polycyclic aromatic hydrocarbons (PAHs) are 
persistent hydrocarbon micropollutants that are mostly released from incomplete combustions 
of fossil fuels and biomass, motor vehicle emissions, vehicle tire wear and asphalt road surfaces. 
PAHs can damage DNA, lead to cancer, and accumulate in biological tissues (Chen et al. 2011; 
Bjorklund et al. 2017). Therefore, it is considered essential to remove such contaminants from 
stormwater before discharging into waterbodies (Hsieh et al, 2005; Shrestha et al., 2018). 

Green stormwater infrastructure (GSI) is increasingly being employed as a sustainable 
stormwater management tool in urban areas, with the intent of using infiltration to address both 
water quantity and quality concerns (Davis et al. 2012; Wang et al. 2017). GSI is largely based on 
the idea of conveying water to designated locations to allow for infiltration (i.e., engineered 
infiltration) with an objective of promoting hydrologic conditions similar to pre-development 
status. Structural GSI approaches (i.e., best management practices; BMPs) that are located on 
the surface are considered lower maintenance and are thus preferred if space permits. GSI is 
considered successful when it eliminates or substantially mitigates flooding issues, which can be 
achieved by adopting natural processes such as infiltration and evapotranspiration while 
simultaneously removing a variety of urban stormwater pollutants (Bjorklund et al. 2017; Davis 
et al. 2012; Wang et al. 2017). However, GSI media has limited pollutant removal capacity; hence, 
amendments might be required to increase pollutant removal.  

Infiltration-based stormwater management approaches is effective for removal of particle-
associated pollutants, but may not effectively remove dissolved or colloidal-associated pollutants 
which can include significant portion of metals and organic pollutants (Bjorklund et al. 2015; 
Kalmykova et al. 2014). Additionally, dissolved contaminants are more bioavailable (Bjorklund et 



al., 2015; Flanagan et al., 2018). Furthermore, particle-associated pollutants such as particulate 
metals may desorb due to changes in water quality parameters (e.g., metal desorption in 
response to increased salinity; Wong et al. 2013). Finally, accumulation of pollutant within the 
GSI may deleteriously affect GSI plant health (Gong et al., 2019). 

Research objectives and hypothesis:  

The objective of this research was to investigate the role of low-cost sustainable adsorbent 
materials to increase sorption capacity for a range of pollutants, thereby limiting pollutant 
mobility.  Sorbent amendments can increase the GSI media sorption capacity, but the tradeoff is 
increased cost.  Therefore, appropriate selection and design are important. Conventional 
adsorbents such as activated carbon (AC) are less economically feasible for broad use in 
stormwater treatment (Nkansah et al. 2012), but low-cost agricultural/industrial wastes, 
repurposed as sorbents, may simultaneously improve water quality and reduce a waste stream 
(Bjorklund et al. 2015; Xi et al. 2014). For this reason, five low-cost and globally available materials 
– three raw waste products from different sources – waste tire crumb rubber (WTCR), coconut 
coir fiber (CCF) and blast furnace slag (BFS) – and two modified materials – biochar (BC) and iron 
coated biochar (FeBC) – as sorbent amendments to increase GSI performance were investigated 
in current study. 

This applied research focused on assessing the adsorptive removal of a variety of stormwater 
pollutants to better understand the sorbent materials effectiveness and expected product 
lifetime. A suite of stormwater pollutants was evaluated in this project which will include metals, 
nutrients, and polycyclic aromatic hydrocarbons (PAHs); these contaminant classes have been 
selected based on their prevalence in stormwater runoff and human and ecosystem health 
concerns (Reddy et al. 2014; Yuan et al. 2010; Blecken et al. 2009). Through the simultaneous 
assessment of sorbent performance across multiple classes of concern-worthy stormwater 
pollutants, the results of this study determined which sorbents could address multiple chemical 
contaminant classes.  This research was conducted as a two phases process, where phases one 
included batch assessment of sorbent kinetics and equilibrium capacity (e.g., as affected by 
contaminant concentration or water quality), and phase two included intermittent flow-through 
column studies to assess mobility and impacts on infiltration.  Due to the broad scope of this 
project (i.e., five sorbents and three chemical classes reflecting 13 pollutants), specific 
hypotheses are beyond the space limitations.  However, hypotheses were developed considering 
sorbent and chemical characteristics, but that generally sorbent could be used to limit the 
mobility of most pollutants evaluated in this study.  

  



4- Methodology: 

4-1 Sorption materials: This study initially investigated the following five types of stormwater 
adsorbents: blast furnace slag, crumb rubber, coconut coir fiber, biochar, and iron-coated 
biochar. These five materials were selected based on the following expectations: high anticipated 
removal efficiency, commercially available, environmentally friendly (nonhazardous to the 
environment), and cost-effective. Blast furnace slag (BFS)/ steel slag is the typical byproduct of 
ironmaking industry. It is estimated that approximately 270-320 million tons of BFS produced per 
year worldwide (Tran et al 2015) and BFS has previously been demonstrated to efficiently remove 
metals (Aleksander et al 2013) and phosphorus (Sara et al 2019). Waste tire crumb rubber (WTCR; 
i.e., granular tire material) is mainly composed of rubber and black carbon and displays a great 
potential for the adsorption of metals and organic pollutants (Supitcha et al 2015). Globally, over 
one billion waste tires are discarded per year (Toledo et al 2018). Coconut coir fiber (CCF) is a 
byproduct obtained from the outer husk of coconut, with ~650 million tons created globally each 
year (Tran et al 2015), and is effective for organic contaminants (Imran et al 2012) and metals 
(Lata et al 2014). Biochar (BC) is a pyrolyzed biomass, which is considered a sustainable 
alternative to activated carbon; it can be produced from many biomass source materials and has 
been demonstrated to effectively remove hydrophobic organic contaminants and some metals 
(Berger et al. 2019). Iron coated biochar (FeBC) is a novel approach in which some of the biochar 
surface area is coated with iron oxide enables it to remove organic and inorganic pollutants (Chen 
et al., 2018; Trakal et al., 2016; Liao et al., 2018; Dewage et al., 2018).  

4-2 Sorbent preparation and characterization: All selected adsorbents in this study (except FeBC) 
were commercially available; FeBC was prepared in the lab using a co-precipitation method 
developed earlier by Hu et al. 2015. Adsorbents were characterized as follows: surface area using 
Brunauer–Emmett–Teller (BET-N2) at the Materials Characterization Lab, Penn State University; 
surface morphology using scanning electron microscope (SEM) and elemental analysis using 
energy dispersive x-ray (EDS) at the Nano Instrumentation Center, Temple University; organic 
elemental analysis using CHN elemental analyzer by a commercial lab (Robertson Microlit Lab, 
NJ, USA); functional groups using Fourier transform infrared spectroscopy (FTIR) at the materials 
characterization lab, Penn State University and the pH point of zero charge (pHpzc) was assessed 
as reported by Troca et al. (2011) at CEE lab, Temple University. 

4-3 Synthetic stormwater: A synthetic stormwater (SSW) recipe was developed to simulate 
stormwater runoff (3 mM NaHCO3 and 10 mM NaCl prepared in dionize water). Pollutants were 
as follows: PAHs) naphthalene (NAP), phenanthrene (PHE), Pyrene (PYR) and acenaphthylene 
(ACY); metals) cadium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn); and 
nutrients) nitrate (NO3

-), ammonium (NH4
+), and phosphate (PO4

3-). Contaminant concentrations 
were selected to be environmentally relevant or slightly above. 

4-4 Analytical methods: All liquid samples collected during the experiments were filtered and/or 
centrifuged immediately after sampling.  Appropriate quality control considerations were 
included for each type of analysis (e.g., calibration curve, blanks, etc).  Analysis was as follows: 



• Inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7900) was used to 
analyze metal concentrations. 

• Discrete analyzer (SEAL analytical AQ-300) was used to analyze nutrients. 
• High-performance liquid chromatography (HPLC; Agilent 1260) with absorbance and 

fluorescence detectors was used to analyze PAHs.  
• UV absorbance analyzer was used to analyze dissolved organic matter. 
• The pH and ionic strength of all aqueous samples will be measured using a pH meter 

(Orion Versa Star) and multi-parameter meters HQ40d, respectively.  

4-5 Batch experiments and associated data analysis: Batch sorption kinetic experiments were 
performed to determine how quickly pollutants attached to the sorbent materials and to 
determine the time to reach equilibrium. To assess sorption kinetics, 500 mL synthetic 
stormwater and 2 g of the sorbent were combined in amber glass bottles as batch reactors and 
mixed using a magnetic stirrer for varying intervals (20 min, 50 min, 2 h, 4 h, 8 h, 12 h, 24 h), 
separated (e.g., filtration or centrifugation), and the aqueous phase analyzed to quantify 
pollutant concentrations. Batch equilibrium experiments were performed to understand 
pollutant concentration effects (i.e., isotherm) and solution chemistry effects (i.e., edge) on 
sorption capacity. Equilibrium studies were similarly created (2 g of sorbent with 500 mL of SSW) 
and were mixed for 24 hr (i.e., reached equilibrium). The 24-hr equilibrium time was selected 
based on previous studies (Nkansah et al., 2012; Reddy et al., 2014) and kinetic experiment 
results in this study.  Water quality parameters that were evaluated include the following: pH 
(3.5 - 9), dissolved organic carbon concentration (0 - 20 mg/L humic acid), and salt concentration 
(1 - 100 mM NaCl), where values were selected to span environmentally relevant concentrations. 
Each batch experiment was performed in duplicate, and two types of control tests were included: 
a sorbent blank (pollutants were not included) and a vial control (sorbents were not included). 
The aqueous concentrations were quantified and the amount of sorbed pollutants were 
determined based on mass balance calculations. Fig. 1 shows batch experiments process. 

Fig. 1. Batch experiments process 

 



To better understand the mechanism of rate-controlling step in the adsorption process of the 
adsorbents, kinetic experimental datasets were fitted to two adsorption kinetic models: 
Lagergren’s pseudo-first and pseudo-second order models. To better elucidate the adsorption 
process, the adsorption isotherms of PAHs on the adsorbents were fitted to three typical 
isotherm models: linear, Langmuir, and Freundlich. Edge experiments were statistically evaluated 
(e.g., ANOVA or linear regression).  

4-6 Column experiments: Column experiments were conducted using GSI soils (loamy sand) 
amended with absorbents; Carex Pennsylvania, a common GSI sedge, was included as vegetation. 
The experiments were conducted as intermittent flow columns, similar to the works of 
Mhammed et al. (2012), Blecken et al. (2009), and Trenouth et al. (2015). Previous research has 
demonstrated that complete column breakthrough is slow (e.g., several hundred bed volumes; 
Ashoori et al. 2019). To accelerate breakthrough, the synthetic stormwater was spiked with the 
high concentration of pollutants of interest (e.g., 2 times higher than typical average 
concentrations, Table 1). The column top surface was vegetated, similar to the experiments 
conducted by O’neill et al. (2012). 

The effective pore volume of each column was estimated based on a tracer tests (Berger et al. 
2019). Subsequently, synthetic stormwater was added twice weekly with dosing regimen of 2 L 
to the top of each vegetated column and 
the columns were allowed to gravity drain 
(e.g., similar to Bratieres et al. (2008) and 
Blecken et al. (2009)). Effluent sampling 
was assessed for both flow rate (i.e., 
water volume percolated over time) and 
contaminant concentration. By 
monitoring effluent production rate over 
the course of column experiment, we will 
ensure that sorbent inclusion is not 
negatively affecting infiltration rates.  The 
effect of sorbents on plant health was 
assessed via visual inspection. These 
experiments were performed for 
approximately two months.  

   

                                                                        

 

 

  

Fig. 2. Column design 



5- Result and discussion: 
 
5-1 Characterizations of adsorbents: FTIR analysis provides qualitative information on chemical 
structure (not shown) and revealed that all adsorbents, except for WTCR, contained hydroxyl 
groups (-OH). BFS indicated the presence of Si-O and Al-O groups. For the other four adsorbents, 
the peak of -OH together with C=O and C=C suggested an abundance of polyphenols, ester C=O, 
and C=C in aromatic lignin. BFS has plenty of mineral and oxygenated functional groups on the 
surface, whereas BC and FeBC have the highest number of aromatic functional groups.  

The surface morphologies (not shown) showed that BC and FeBC had a spongy and highly porous 
structure and that FeBC was covered with iron nanoparticles after modification. The WTCR 
surface appeared to have a rough solid surface, while CCF surface appeared to be smooth and 
textured structure. BFS particles had subrounded to subangular shapes and rough surface 
textures.  The BET-N2 surface area (SA) and elemental compositions presented in Table 1 are in 
line with the FTIR observations. As expected, the BET SA of the raw adsorbent materials (BFS, CCF 
and WTCR) were significantly lower than pyrolyzed materials (BC and FeBC) due to the latter 
experiencing activation process. In addition, EDS analysis of adsorbents (Table 1) showed the 
presence of inorganic elements (e.g. Ca, Fe, S) in BFS and the presence of Zn in WTCR and Fe on 
the surface of FeBC. CHN analysis (Table 1) revealed that BC and FeBC had the lowest aromaticity 
index, indicative of highly carbonaceous and aromatic material. In contrast BFS exhibited the 
highest polarity [(O+N)/C = 180.9]. In general, the aromaticity of adsorbents is listed in 
descending order, as follows: BC > FeBC > WTCR > CCF > BFS; polarity exhibits the opposite trend. 
Adsorbents with the high aromaticity may contribute to the high adsorption capacity of organic 
compounds (e.g., PAHs), while adsorbents with high polarity are expected to be efficient for 
adsorption of inorganic contaminates (e.g., metals). 

Table 1. Elemental composition, surface area (SA), and pH of five adsorbent materials 

Sorbents SA 
(m2/g) 

 
pH 

e Organic elemental 
composition b (O+N)/C c H/C 

 
d Inorganic 
elements 
> 0.1 % C (%) H (%) N (%) O (%) 

a BC 236.28 7.7 83.05 2.56 <0.1 14.39 0.173 0.031 _ 

a FeBC 58.25 4 78.35 2.71 <0.1 18.94 0.242 0.035 Fe 

a WTCR 0.14 9 71.05 5.90 <0.1 23.05 0.324 0.083 Zn 

a CCF 2.63 4.5 46.07 5.19 0.45 48.74 1.068 0.113 _ 

     a BFS 10.43 11  0.33  0.72  <0.1  59.7    180.9 2.182 Ca, Fe, Si, 
Al, Mg, S 

a BC, FeBC, WTCR, CCF and BFS are biochar, iron coated biochar, waste tire crumb rubber, coconut coir 
fiber and blast furnace slag, respectively. b (O+N)/C: atomic ratio of sum of nitrogen and oxygen to carbon 
(polarity index). c H/C: atomic ratio of hydrogen to carbon (aromaticity index). d Obtained from EDS analysis. 
e Obtained from CHN analysis. 
Note: Elemental compositions and atomic ratios are on an ash-free basis. 

 



5-2 Sorption kinetics: As shown in Fig. 3, batch kinetic experiments in this study revealed that 
pollutant sorption onto the sorbents was rapid as bulk adsorption of pollutant occurred within 
the first 30 min and gradually approached near equilibrium within the first 60 - 120 minutes. This 
is similar to trends that were observed by previous studies (Xi et al. 2014; Bjorklund et al. 2015). 

 
 
Fig. 3. Contact time effect on the sorption of PAHs (e.g., ACY) and metals (e.g., Cu) onto five 
sorbents. Individual points represent mean values ± standard deviation, n=2. 

Experimental data was fitted well by the pseudo-second order kinetic model (R2 > 0.99; fit 
estimates not shown), which is in line with previous studies which evaluated sorption kinetics of 
different pollutants in stormwater (Balati et al. 2015; Chang et al. 2004; Owabor and Agarry. 
2014; Vidal et al. 2011). In the pseudo-second-order model, the reaction rate is proportional to 
the number of active sites on the surface of sorbent, where the rate-limiting step may be the 
chemical sorption of the pollutant onto the sorbent (Guo et al. 2018). In general, two stages were 
observed in the adsorption process: rapidly initial adsorption onto the surface, with slower 
migration within the adsorbent surface. As the surficial adsorption sites become occupied, the 
adsorption rate is controlled by the intraparticle diffusion process (Yuan et al. 2010 and Bulut et 
al. 2007). 

5-3 Sorption capacity and isotherms: Sorption equilibrium capacity is an important long-term 
performance consideration (e.g., performance over multiple years) and will affect the capital cost 
and the lifespan of the sorbent amendment. Sorption capacity is adsorbent and adsorbate 
dependent. Adsorbents with more organic contents and non-polar surface are more efficient for 
removal of organic pollutants (e.g., PAHs), while adsorbents with more polar content are more 
efficient for removal of inorganic pollutants (e.g., metals), as exemplified in Fig. 4, BC, FeBC and 
WTCR with highest organic contents had the highest PAHs sorption capacity, whereas BFS with 
the highest mineral surface had the highest metal sorption capacity. Capacity for nutrient 
removal was generally lower: phosphate was removed by the iron-containing sorbents (i.e. FeBC 
and BFS), while the nitrogen species sorption capacity was generally low for all sorbents (data 
not shown).   



 

 
Fig. 4. Sorption isotherm of PAHs (e.g., NAP) and metals (e.g., Cu) on five sorbents. Individual 
points represent mean values ± standard deviation, n=2. 

Isotherm data was generally well fit by the Freundlich and linear isotherm models, and PAHs were 
also well fit by the Langmuir model. The Freundlich and Langmuir models are non-linear; 
Freundlich assumes multilayer adsorption with heterogeneous surfaces, limited sorption sites 
and variable potential energy interactions (Yuan et al. 2010); further discussion on isotherm 
models is provided elsewhere (Xi et al. 2014; Chen et al. 2011; Yuan et al. 2010).  

5-4 Edge Experiments: Sorption edge experiments were conducted to evaluate the effect of 
water quality parameters on sorption capacity, including pH, salinity, and dissolved organic 
carbon (DOC); for the sake of brevity, only the DOC effect is shown (Fig. 5). Sorption capacities 
for organic and inorganic pollutants were mainly negatively affected by presence of dissolved 
organic carbon in SSW (Fig. 5) because of competition for sorption sites on the sorbent surface 
and pore blockage effect by the large DOM molecules. The presence of dissolved organic carbon 
has been observed by several studies to decrease sorption capacity of several pollutant classes 
(Hulya et al. 2016; Bentley at al. 2020).  

                   
Fig. 5. Environmental parameter effects (pH, ionic strength and DOC) on metals (e.g., Cr) and 

PAHs (e.g., PHE) sorption by five adsorbents. 
 



Previous research on stormwater sorbent removal of metals has indicated that sorption capacity 
is noticeably influenced by pH, and that cationic metals (e.g., Cu, Zn, Pb) are increasingly removed 
at high pH values, but that anion metals (e.g., As- and Cr- species) are better removed at lower 
pH values. In current research, metals sorption capacities were highest at pH 9, and most 
sorbents had low removal under acidic conditions (pH 3). However, metals removal was not 
affected by ionic strength. Nonpolar organic pollutants (e.g., PAHs) sorption was not substantially 
influenced by either pH and salinity changes.  

5-5 Average removal percentages: Batch experiments results are summarized in Fig. 6 showing 
percent removal for each analyte. In summary, all selected sorbents (except BFS) could remove 
all four PAHs very well (80-100%). BFS and CCF had very high removal efficiencies (90-100%) for 
all 6 metals, while WTCR and BC had > 90% removal for Cr, Pb and Cu, but WTCR leached zinc. 
For nutrients, only phosphate could be removed well by BFS and FeBC (60-80 %). 

 
Fig. 6. Average removal percentages of PAHs, metals and nutrients by five adsorbents.  

 
 



5-6 Column Experiments: Tracer breakthrough tests revealed that the sandy loam control column 
had the lowest porosity (~0.4) while the sorbent amendment treatment columns had higher 
porosity (0.42 – 0.6).  Column experiments were conducted for two months, and over that time 
the effluent pH was generally observed to increase (data not shown) and the infiltration rates 
decrease (Fig. 7), for all media except BFS media.  The reduction in flow rate – attributed to 
clogging of a layer at the bottom of the column – was problematic and reduced the column 
experiment duration. In the six-week experimental sequence, effluent metal and PAH 
concentrations were generally consistent with the baseline (i.e., either non-detects or present at 
background concentrations), which suggests that these pollutants had not broken through at all 
(e.g., complete removal), in either the control or treatment cases (data not shown).  Nutrient 
breakthrough was observed (Fig. 8). Effluent PO43- concentration was zero (100% removal) over 
time by BFS and FeBC media, while phosphate concentration increased over time by the other 
four media. Effluent NH4+ concentration increased in outflow over time by all six media. Effluent 
NO3- concentration increased over time 
using BFS and WTCR media, while decreased 
by the other four media. While the 
experimental design of two storms per 
week (i.e., ~ three-day antecedent dry 
period) was expected to provide adequate 
drainage time and aerobic conditions, it is 
possible that the slow flow rate contributed 
to anaerobic [micro] regions which provided 
an opportunity for denitrification; the 
elevated NH4+ concentrations are still under 
consideration.  

 

  
Fig. 8. Column effluent nutrients concentration over time; note the difference y-axes scales.  
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6- Potential Applications, Benefits, and Impacts: 
6-1 Scientific advancement: Research into sorbent materials has been undertaken before, but 
the following four aspects allow this work to make a substantial contribution to the field: 

• Pollutants from three chemical classes were simultaneously evaluated, as follows: metals) 
chromium (Cr), cadmium (Cd), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn); nutrients) 
ammonium (NH4+), nitrate (NO3-), and phosphate (PO43-); and polycyclic aromatic 
hydrocarbons (PAHs): pyrene (PYR), phenanthrene (PHE), acenaphthylene (ACY) and 
naphthalene (NAP). Stormwater is a complex mixture of these components, each or which 
exerting some potential negative effect on the ecosystem or human health.  Therefore, it 
is important to simultaneously consider the strengths and weaknesses in treating a range 
of contaminant classes, rather than evaluating a single pollutant. 

• Advanced and expensive treatment approaches are not appropriate for stormwater, as a 
diffuse source of pollutions.  This means that mature treatment techniques including 
activated carbon and coagulants, though they could be effective if appropriate deployed, 
are not appropriate technology for this scenario.  This project evaluated agricultural and 
industrial byproducts.  If successful, this would take a waste stream and create a market 
for it to be effectively and beneficially repurposed.  The overarching goal is to identify a 
passive, cost-effective, and sustainable treatment approach to address a wide arrange of 
contaminants.  

• Many sorbent-based research efforts focus on bespoke materials produced in limited 
quantities (e.g., grams to kilograms), where the research goals are to optimize 
performance through fine-tuning production methods.  These are important goals, 
however broader adoption and impact can only occur through commercially available 
products.  Therefore, four of five sorbents evaluated in this research effort were 
commercially available.  

• In addition to considering multiple contaminants, this project also considers: impacts on 
system hydrology – namely infiltration rate, soil-water retention, and evapotranspiration; 
qualitatively considering impacts on plant health which is important for vegetative 
stormwater management practices (both for fiscal and performance ramifications); and 
through on-going research efforts will assess the long-term financial aspects of employing 
sorbent media   

6-2 Short and long-term outcomes: The immediate outcome is on the students who have been 
involved in this research, where this project has provided an opportunity to consider all of the 
whole-system analysis components that are articulated above.  They have learned experimental 
techniques, critical thinking and assessment, and science communication.    Throughout this 
project, the findings have been shared with the findings with a range of audience.  This has 



included conference presentations to environmental engineers, chemists, sustainability 
specialists, water professionals, Department of Transportation employees and contractors. 

In the short-term, I think that sorbent-media will be incorporated based on two potential uses 
cases: 1) an occasional highly contaminants area facing regulation requirements, and 2) a 
demonstration project to explore potential more comprehensive treatment.  For example, as 
part of another stormwater project, PI McKenzie will be working to assess sorbent media 
performance in a field demonstration in infiltration-based stormwater management practices in 
the Interstate-95 corridor in Philadelphia.  The finding from the PASG-funded project will inform 
sorbent selection of that project and will provide a basis for interpreting results.  In the longer-
term, I think that some combination of public opinion, enhanced protections (e.g., pollution 
prevention plans), and potentially more restrictive regulations will drive a need for more 
comprehensive stormwater treatment.  With this in mind, I am in the process of writing a 
proposal for a modular and scalable treatment system to address the first flush, which is the most 
contaminant portion of the stormwater runoff.  The seeds for this upcoming proposal originated 
in the current project, and future endeavors such as the proposal will ideally pave the way for an 
economically-feasible approach to managing pollutants in stormwater. 

6-3 Future research: The initial flow-through column tests, reported in the results section, 
revealed that the sorbent media affected hydraulic infiltration rates substantially.  The 
complements nicely the original project goals that multiple criteria should be considered when 
assessing sorbent use, which should consider: pollutants of concern (type, concentration, 
regulatory standards), system hydrology (needed infiltration rate, soil-water retention goals, 
whole-system sustainability, cost, treatment duration, and other site-specific goals.  The 
completed research effectively evaluated five sorbents ability to removed three classes of 
pollutants, reflecting 13 individual pollutants, across a range of kinetic and equilibrium 
considerations.   

Future research will include improved intermittent flow through column tests, which are 
anticipated to last ~4 months or longer.  The systems will be monitored as follows: effluent 
concentrations will be monitored over time to assess sorbent impacts on pollutant breakthrough; 
water drainage over time to assess sorbent impact on infiltration rates; water mass balance to 
assess sorbent effect on soil-water retention and evapotranspiration; and visual assessment of 
plant health to identify substantial changes in plant health due to the use of sorbents.  The 
pollutant concentrations in column effluent water will be inversely fit with HYDRUS 1-D.   HYDRUS 
1-D is a free numerical simulation tool designed to model and analyze water flow and solute 
transport in unsaturated, partially saturated, or fully saturated porous media. The solute 
transport equations consider advective-dispersive transport in the liquid phase, and can consider 
kinetic limitations and dual-porosity systems.  HYDRUS 1-D simulations will then be used to 
predict long-term contaminant accumulation, fate, and transport in the infiltration-based 
stormwater management system.  

In order to get a better understanding of the cost effectiveness of sorbent amendments, a Whole 
Life Cost (WLC) Model will be undertaken using a tool developed by Water Environment Research 



Foundation (WERF). Long-term contaminant accumulation, fate, and transport as predicted by 
HYDRUS will be used to assess a lifecycle cost for a 50-years stormwater management usage 
period. Consequently, we will compare the cost results of different scenarios and finally identify 
the most cost effective amendment materials considering capital and maintenance costs. 
Different breakthrough times will result in different maintenance costs. For example, some 
adsorbents might have higher initial capital costs but due to longer breakthrough time will have 
lower overall maintenance costs. At the end, the net present values for all scenarios and sorbents 
will be compared for a 50-years usage period. 

Finally, this research revealed that nitrogen species were not effectively managed via sorbent-
based approaches. Furthermore and unfortunately, stormwater management efforts can 
increase the amount of nutrients, and particularly nitrogen, in the water that permeates the 
media; removal of nitrogen is best achieved through denitrification in a permanently saturated 
anaerobic subsurface internal water storage (IWS) zone. Through a PASG (2020) award, research 
that is currently underway will use laboratory and field approaches to evaluate nitrogen 
dynamics in stormwater management practice (SMP), specifically focusing on the role of the IWS 
zone design considerations and nitrogen speciation.  Laboratory evaluations will be conducted 
using 2-D reactor systems, where the impact of SMP underdrain height will be evaluated.  The 
approach will combine bench-scale intermittent flow through reactor experiments with modeling 
efforts. Furthermore, processing of inorganic nitrogen and organic nitrogen will be considered, 
and it is expected that inorganic nitrogen will be more rapidly denitrified, while organic nitrogen 
must first be broken down into smaller molecules prior to denitrification thus slowing the 
process.   Complementary field studies will include monitoring of nitrogen species at a field site.  
This research will enhance our fundamental knowledge of nitrogen dynamics in stormwater SMPs 
and will also improve the fields ability to design for nitrogen removal. 
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8- Data Management: 
PI McKenzie website: https://engineering.temple.edu/about/faculty-staff/erica-r-mckenzie-
tuf82658 
McKenzie Environmental Engineering Research Group website: http://meerg.temple.edu/ 
 
The data dissemination section from the proposed data management plan are included below: 
 
Data Dissemination (from proposal) 
Data available for dissemination. Secondary data, and the primary data that has contributed to 
the calculation of the secondary data, will be consider available for dissemination.  Reasonable 
efforts will be made to ensure common-sense column labeling so that the data can be 
interpretable. 

Timeline for dissemination. Data that is available for dissemination will be made accessible after 
it is included in a peer-reviewed publication or within two years of the project conclusion, which 
ever time period is shorter. 

Methods of data dissemination. Data that directly contributes to a peer-reviewed publication will 
be posted on a project webpage that is linked with PI McKenzie’s research group website.  Data 
that is deemed “available for dissemination” but that does not meaningfully contribute to a 
publication may also be posted on the project website and will be available upon request via 
email; the data’s existence will be indicated on the project website. 
 
 
Outlook on data dissemination:  As discussed in section 9 (Outputs and Outcomes), we currently 
have one manuscript that is currently under revision (PAH results from batch studies); provided 
that the revision is favorably reviewed, we anticipate being able to post data from this study 
within the next quarter.  
 
Anticipated future manuscripts: 

• Simultaneous removal of Cd, Cr, Cu, Pb, Ni and Zn from stormwater runoff using five low-
cost sorbents: Effect of pH, salinity, and humic acid  

• Removal of several inorganic and organic contaminants from simulated stormwater using 
green stormwater infrastructure amended with three low-cost sorbents under 
intermittent runoff condition 

 
Following publication of each work, the supporting data will be promptly posted to the McKenzie 
Environmental Engineering Group Website.  We anticipate that all data will be posted within the 
next year, but will be mandatorily posted no later than 9/30/2022. 
  

https://engineering.temple.edu/about/faculty-staff/erica-r-mckenzie-tuf82658
https://engineering.temple.edu/about/faculty-staff/erica-r-mckenzie-tuf82658
http://meerg.temple.edu/


9- Outputs and Outcomes: 
9-1 Student support: One graduate and two undergraduate students have been supported and 
involved in research in this project, as follows: 

 
Narges Esfandiar - Temple University Environmental Engineering Ph.D. student, supported 

one full year  
Ashley Richman - Temple University Civil Engineering B.S. student, supported hourly on this 

project; note that Ashley started the M.S. program in Aug 2019, and had continued 
involved in this project in a small role   

Zachary Kuzel - Temple University Civil Engineering B.S. student, supported hourly on this 
project; expected graduation is May 2021 

 
9-2 Students who became employed:  Ashley Richman, B.S. Civil Engineering, Graduate student 
research assistant, Temple University. Ashley, listed above as an undergraduate student 
researcher on the project, finished her B.S. in civil engineering with an environmental 
concentration in May 2019. Upon graduating, she enrolled in the M.S. environmental engineering 
program and has stayed in my research group as a graduate student research assistant.  Her 
ongoing research is on a related subject – polycyclic aromatic hydrocarbon (PAH) accumulation 
and transport in stormwater management practice (SMP) soils, include bioswales, and also in 
urban soils that receive roadway runoff that have not been engineered for stormwater 
management purposes.  Additionally, Ashley helped out with some of the column experiment 
aspects for this project.  

 
9-3 Faculty and staff support: Two faculty and one external scientist have been involved in this 
project as follows: 

 
Erica R McKenzie - Temple University faculty, PI; oversees experimental design, laboratory 

experimentation, chemical quantitation and QA/QC, results interpretation, and 
outreach (0.21 FTE, representing both summary salary taken and cost-share course load 
reduction) 

Rominder Suri - Temple University faculty, co-PI; contributes to discussion on experimental 
design, results interpretation, and outreach (0.00 FTE, where faculty salary funding was 
shifted to extend graduate student support associated with the no cost extension) 

Ron MacGillivray – Delaware River Basin Commission Senior Scientist, co-PI; contributes to 
outreach (0.00 FTE) 

 
9-4 Presentations: 

 
Esfandiar N (poster). “Removal of polycyclic aromatic hydrocarbons (PAHs) from stormwater 

runoff using green stormwater infrastructure.” Feb 18, 2019; Philadelphia, PA; Temple 
Engineering Research Expo, ~60 attendees.  



Esfandiar N (poster with short presentation). "Comparison of different filter media materials 
for PAHs removal from urban stormwater runoff using Green Stormwater 
Infrastructure.” April 24, 2019; Princeton, NJ; HDC SETAC poster; ~40 attendees. 

Esfandiar N (poster). "Comparison of different filter media materials for PAHs removal from 
urban stormwater runoff using Green Stormwater Infrastructure.” May 8, 2019; 
Philadelphia, PA; Philadelphia Chapter of the American Water Resources Association, 
~40 attendees. 

McKenzie ER (presentation). "A sorbent-based approach to managing pollutants in urban 
stormwater runoff.” September 18, 2019; Philadelphia, PA; Philadelphia Chapter of the 
American Water Resources Association, ~30 attendees. 

McKenzie ER (presentation). "Environmental engineering and stormwater management.” 
June 30, 2020; webinar to high school participants of the Washington Youth Summit on 
the Environment, ~30 attendees. 

 
The following two conference dissemination events were planned, but disrupted due to 

covid.  
Esfandiar N, Suri R, McKenzie ER. "A sorbent-based approach to managing multiple classes of 

contaminants in urban stormwater runoff.” ASCE Environmental & Water Resources 
Congress.  

Esfandiar N, Suri R, McKenzie ER. "Green stormwater infrastructure amended with different 
adsorbents for removal of metals from urban stormwater runoff.” ASCE International 
Low Impact Development Conference 2020.  

 
9-5 K-12 students reached: PI McKenzie is a faculty advisor for the Washington Young Summit on 
the Environment (WYSE), a program for high achieving high school students interested in the 
environment and conservation.  The role of faculty advisor does not include a formal 
presentation, but rather an opportunity for students to interact with and hear about the 
experiences of professionals in the field.  This is a week long program that is attended by ~230 
students, and ~20 are in a group with McKenzie as the faculty advisor.  McKenzie has done this 
four years in-person (2015, 2016, 2017, and 2019) and 2020 was held online as a virtual meeting 
due to covid (smaller event).  McKenzie was also a guest speaker at the 2020 virtual Summit. 
 
9-6 K-12 teachers reached:  Several WYSE faculty advisors are K-12 teachers during the academic 
year; more details on WYSE are provided in the previous paragraph.  McKenzie and the other 
faculty advisors use the WYSE experience to ensure that the high school students have an 
opportunity to learn about a range of opportunities and approaches to contribute to 
environmental conservation.  While not the focus, this also provides an opportunity for the 
faculty advisors to exchange ideas.  McKenzie and another faculty advisor plan to collaborate in 
the future to develop an activity for high school environmental science students to learn about 
adsorption. 
 
9-7 Volunteer hours:  No volunteers were involved in this project. 



 
9-8 People engaged in informal education programs:  In October 2018, PI McKenzie participated 
in a 2.5-day Delaware Paddle trip organized by the William Penn Foundation.  The purpose of the 
trip was to connect stakeholders from a range of backgrounds and to promote discussion on 
means of supporting and improving fishable and swimmable conditions and access to the 
Delaware River.  The paddling trip started in Bordentown, NJ and we ended in Camden, NJ 
(10/5/2018 – 10/8/2018) and there were ~20 participants.    
 
9-9 Publications: The below has been submitted and is under-revision for publication.  A pdf copy 
will be shared when the publication is finalized.  We also anticipate one or two additional 
publications to be submitted in the next year. 
 

Esfandiar N, Suri R, McKenzie ER.  “Simultaneous removal of multiple polycyclic aromatic 
hydrocarbons (PAHs) from urban stormwater using low-cost agricultural/industrial 
byproducts as sorbent.” Under revision for Chemosphere. 

 
9-10 Media coverage: none to report. 
 
9-11 Project partnerships: PI McKenzie will work with a high school teacher to develop a module 
on adsorption to expose students to adsorption kinetics and equilibrium.  This unit has been 
piloted by PI McKenzie but will be further developed and refined in the future collaboration. 
 
9-12 Grants: Data from this project confirmed that nitrogen species were not effectively managed 
using sorbents.  Based on this, a 2020 Pennsylvania Sea Grant (PASG) proposal was submitted 
and selected for funding which evaluates denitrification in an internal water storage zone.  
Furthermore, in the ongoing stormwater management research that McKenzie is undertaking on 
the “I95/Girard Avenue Interchange Stormwater Project” funded by AECOM/Pennsylvania 
Department of Transportation, future research efforts include completing a field assessment of 
some sorbent materials.  The results of this research will help guide interpretation of upcoming 
data.  
 
9-13 Awards and honors: Graduate research assistant, N. Esfandiar, received a travel award to 
attend HDC based on her submitted abstract and personal statement.  Additionally, she was 
award 3rd place based on her poster presentation.  
 
9-14 Patents and patent licenses: none to report. 
 
  
  



 
Impact and/or Accomplishment Statement(s)  
Improving water quality by addressing dissolved stormwater contaminants through low-cost 
byproduct sorbent materials 
  
This research effort was undertaken by Narges Esfandiar (graduate student) guided by Dr. 
Rominder Suri, Dr. Ron McGillivray, and Dr. Erica McKenzie.  Five sorbents were tested for their 
ability to remove thirteen pollutants from a synthetic stormwater, considering the effects of 
reaction rate, sorbent capacity, and water quality impacts. Stormwater can negatively impact 
water quality due to the pollutants that it contains.  It is a challenge to manage because it occurs 
all over, which necessitates passive and low cost-treatment approaches.  Dissolved pollutants 
can be particularly challenging because they are not removed via physical methods (e.g., 
sedimentation or filtration), but can be more bioavailable.  Industrial and agricultural byproducts 
were tested for their ability to adsorptively treat these dissolved contaminants.  Data collected 
under this project demonstrated that polycyclic aromatic hydrocarbons (PAHs) and metals can 
generally be effectively removed with crumb rubber or coconut coir, or biochar to a lesser extent. 
However, phosphate was effectively removed only by sorbent that had an iron component.  This 
demonstrates the no sorbent is ideal for all cases, and that site-specific conditions and goals 
should be considered with selecting a sorbent media and amendment amount.  Nitrogen was not 
effectively removed by any of the sorbents that were considered and other treatment means are 
likely needed if this is a priority.  Future research will also consider the long-term cost, including 
capital and maintenance, for sorbent-containing stormwater management practices.  Coupling 
the completed laboratory assessments on sorbent performance with the future cost assessment 
will help identify the scenarios where sorbent inclusions in a cost-effective means to minimizing 
negative water quality impacts.    
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