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1

Assessment of Copper and Zinc Removal from Highway
Stormwater Runoff Using Apatite IITM

Chapter 1: Introduction

1.1 Background
As more and more of the planet is urbanized, environmental pollution has
become a worldwide issue. Water pollution, as one kind of environmental
contamination, has brought attention to the fact that the contamination of water
bodies significantly influences aquatic ecosystems. Human activities such as
industrial emissions, discharge of municipal or residential wastewater, as well as
urban runoff all contribute to water pollution (Klein et al. 1974). Among those
sources, point sources such as municipal wastewater or industrial discharges are
often easier to control or eliminate. Conversely, controlling non-point sources,
stormwater runoff for example, are usually more challenging. Stormwater runoff
picks up a wide variety of contaminants from roadways before discharging into
receiving water bodies. Heavy metals (e.g., Cu, Cd, Ni, Pb, and Zn) are usually
present in stormwater runoff, where the concentrations of copper and zinc are
typically higher than other heavy metals (Nason et al. 2011, Kayhanian 2010).
Regulation stipulated by Oregon Department of Environmental Quality requires
the discharge of industrial stormwater at total copper concentrations below 20 µg/L
(ODEQ 2012). Best Management Practices (BMPs) such as detention basins,
bioswales, media filters and filter strips, are currently applied for stormwater
treatment (Wright Water Engineers and Geosyntec Consultants 2011). Although
some of the BMPs have been relatively effective for metals removal, they are
typically limited to effluent metals concentrations on the order of 5 µg/L. The
potential exists to improve metal removal efficiencies in existing BMPs through
the incorporation of adsorbent media. Thus, searching for effective, low-cost
materials which can be applied in stormwater drain systems is essential.
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1.2 Problem Statement
Heavy metals, such as Zn, Cu, Cd, Pb, Ni and Cr, are found in stormwater
runoff (Kayhanian 2010, Hewitt and Rashed 1988, Howell 1979), and most of the
metals are toxic to aquatic life (Campbell and Stokes 1985). Copper is of particular
importance due to the toxic effects on juvenile salmon at low concentrations
(Sandahl et al. 2007, McIntyre et al. 2008). Although the toxicity of copper varies
with the presence of alkalinity, hardness and dissolved organic carbon (DOC), little
reduction of the toxic effects was found at levels typical of western rivers. At best,
existing BMPs can only reduce dissolved copper to approximately 5 µg/L (Wright
Water Engineers and Geosyntec Consultants 2011), which is still higher than the
levels that have been shown to affect juvenile salmon. The removal of copper by
adsorptive processes may be influenced by the presence of other metals. For
instance, zinc is typically present in stormwater runoff at concentrations
significantly higher than copper. Consequently, it is important to develop
cost-effective alternative technologies which can more efficiently remove copper
and zinc from stormwater runoff.

1.3 Significance
Heavy metals in stormwater runoff can negatively affect aquatic life as well as
the health of water bodies; therefore, treatment of stormwater runoff before being
discharged is essential. Numerous studies have been carried out on the remediation
of heavy metals by a variety of methods, such as chemical precipitation (Wu et al.
2003, Singh and Rawat 1985), membrane filtration (Fu and Wang 2011),
bio-remediation (Imani et al. 2011, Joshi et al. 2011), ion exchange (Wu and Zhou
2009, Genc-Fuhrman, Mikkelsen and Ledin 2007), and adsorption processes
(Swami and Buddhi 2006, Lee and Davis 2001). Most of the removal processes
were indicated to be effective at high concentrations (mg/L levels); however, few
studies have focused on metals remediation at trace levels. Among the processes
mentioned above, adsorption, ion exchange, and bio-remediation are suitable for
metals remediation from stormwater runoff, where metal concentrations are
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typically at trace levels (Pitcher, Slade and Ward 2004, Wu and Zhou 2009,
Genc-Fuhrman et al. 2007, Davis et al. 2003, Sun and Davis 2007). In addition,
those processes are passive treatment technologies that do not require energy input,
moving parts or chemical addition. Alternative sorbents or ion exchange media can
be applied to BMPs, such as detention basins, filter strips and retention ponds, so
that removal efficiencies of BMPs can be improved. Apatite IITM, a fish-bone
based material, has been used to remove metals from acid mine drainage where
metals concentrations were typically at high levels (Oliva et al. 2010, Conca and
Wright 2006). Having a combination of adsorption, precipitation and biological
remediation, Apatite IITM potentially has the capability of removing metals from
stormwater runoff and being incorporated into existing BMPs. It is important to
better understand the extent and mechanism of copper and zinc removal by Apatite
IITM before application for stormwater treatment.

1.4 Objectives
The primary objective of this study is to have a complete understanding of the
applicability of Apatite IITM for copper removal from stormwater runoff. The
specific goals can be categorized as follows:
1) Characterize the structure and composition of Apatite IITM.
2) Determine the equilibrium adsorption capacity of Apatite IITM for
copper and zinc in single element and competitive systems.
3) Evaluate the dynamic removal of copper and zinc from synthetic
stormwater in continuous-flow columns simulating full-scale
implementation.
4) Clarify the mechanisms responsible for copper and zinc removal by
Apatite IITM.

1.5 Approach
The first objective was accomplished using x-ray diffraction and scanning
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electron microscopy-energy dispersive spectrometry. Results from these analyses
were compared with previous studies. The second objective was accomplished
through the use of single-element and binary batch studies. Single-element and
competitive “isotherms” were developed for copper and zinc removal by Apatite
IITM. Objective 3 was accomplished through the use of rapid small scale column
tests (RSSCT), drawing on the results from the batch testing and parameters
estimated for a full-scale Apatite IITM installation. The RSSCT was developed to
mimic copper and zinc removal from stormwater runoff using Apatite IITM in
full-scale systems. In addition to the batch and column tests involving Apatite IITM,
batch experiments simulating the aquatic chemistry resulting from Apatite IITM
dissolution were performed to examine the role of chemical precipitation in metals
removal. Comparison of these results allowed attainment of Objective 4.
The remainder of the thesis is organized as the follows: Chapter 2 describes
background information and summary of literature relevant to currently employed
best management practices (BMPs) for stormwater runoff, metals remediation
from aqueous phase as well as the possible metals removal mechanisms using
Apatite IITM; Chapter 3 contains a manuscript prepared for submission to Water
Research that details the assessment of copper and zinc removal from highway
stormwater runoff using Apatite IITM; and Chapter 4 includes the conclusion and
the recommendations for future work.

5

Chapter 2: Literature Review

2.1 Copper in highway runoff
In urban areas, metals such as Cu, Cd, Zn, Pb, Ni and Cr are commonly found
in stormwater runoff. Many of these metals are known to be toxic to aquatic life
(Kayhanian 2010, Howell 1979, Hewitt and Rashed 1988, Makepeace, Smith and
Stanley 1995). Among the metals listed above, copper is of particular importance
due to the toxic effects on juvenile salmon at low concentrations. It was
demonstrated that short term (3 hours) exposures to dissolved copper at
concentrations as low as 2 μg/L inhibited the predator avoidance behavior and
olfactory sensitivity of juvenile Coho salmon (Sandahl et al. 2007). Additionally,
exposing juvenile Coho salmon to 20 μg/L dissolved copper for 30 minutes in low
ionic strength artificial fresh water reduced the olfactory response to a natural
odorant, L-serine, by 82% (McIntyre et al. 2008). Furthermore, the addition of
alkalinity, hardness and dissolved organic carbon (DOC) at levels typical of
western rivers did little to reduce the toxic effects.
The major sources of copper in stormwater runoff include atmospheric (dry
and wet) deposition, emissions from vehicles, building siding, roofing, and
industrial emissions (Joshi and Balasubramanian 2010, Davis, Shokouhian and Ni
2001, Kim and Fergusson 1994, Sabin et al. 2005). However, the most significant
source of copper in highway stormwater runoff is considered to be brake pad wear
(Davis et al. 2001, Moran 1997, Legret and Pagotto 1999). The concentrations of
dissolved and total copper range between 1.1~130 μg/L and 1.2~270 μg/L,
respectively, in highway stormwater runoff (Kayhanian 2010, Nason et al. 2011).
The range of concentrations has been shown to depend on the sampling site, where
runoff from rural areas is often less contaminated than runoff from urban areas.
The concentrations of dissolved copper were reported to be positively correlated
with both DOC and alkalinity, and are negatively correlated with pH (Nason et al.
2011). Significant parameters related to the concentrations of total copper are total
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suspended solids (TSS) and DOC, where both are positively correlated with total
copper. The concentrations of copper in highway stormwater runoff are typically
higher than the levels where juvenile Coho salmon can be affected. As present, the
Oregon Department of Environmental Quality stipulates that total copper in
industrial stormwater runoff must be less than 20 μg/L. As such, there is an
immediate need for cost-effective and highly efficient treatment technologies.
Metals that have similar chemical properties as copper must also be
considered when evaluating remediation technologies since they may affect the
removal effectiveness with respect to copper. For instance, the concentration of
zinc in stormwater has been reported to range between 3-1017 μg/L and 5.5-1680
μg/L for dissolved and total zinc, respectively (Kayhanian 2010, Nason et al. 2011).
As a consequence, zinc may compete with copper in adsorptive treatment
processes.

2.2 Best management practices for metals removal from
stormwater
Due to the fact that contaminants in stormwater runoff have negative effects
on aquatic environments, a variety of Best Management Practices (BMPs) are
commonly applied for the remediation of stormwater runoff. Considering the
construction costs and treatment effectiveness are both important when selecting
BMPs. Generally, BMPs can be categorized by several removal processes or
mechanisms, such as sedimentation, filtration, biological uptake, and infiltration
through soils. Some BMPs rely on a single removal mechanism, while others may
involve a combination of several processes. What follows is an introduction to the
efficacy of current BMPs with respect to metals removal.
2.2.1

Sedimentation-based BMPs

Detention ponds (including wet ponds, dry ponds and dual-purpose ponds),
wetlands, and vegetated swales are all considered sedimentation processes. For
these BMPs, the effectiveness is dependent on residence time, the particle size
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distribution and particle densities. Long retention times, laminar flows, and
particles with larger sizes allow for more efficient settling of particles and
associated pollutants. Biological remediation of contaminants may also be carried
out with longer settling times. The addition of coagulants or longer retention times
is often required for the goal of removing small particles (Wright Water Engineers
and Geosyntec Consultants 2011).
An approximately 2-year study of a detention pond in Washington state
revealed that the removal efficiencies for total suspended solids (TSS) varied from
68.1%-99.4% when the influent concentrations were between 9.6-1850.0 mg/L
(Hossain et al. 2005). The efficacy of detention ponds for metals removal, which
depends on metal species as well as the loading concentrations, has been evaluated
by several groups (Hossain et al. 2005, Farm 2002, Barrett 2005). Dissolved
copper was removed to approximately 9 µg/L at initial concentrations of 18 µg/L,
while zinc, initially at 122 µg/L was removed to 30 µg/L (Barrett 2005). Removal
efficiencies for total copper ranged between 20.8%-99.3% at influent
concentrations of 7-209 mg/L (Hossain et al. 2005). In general, the average
removal efficiencies for total metals were slightly higher than for dissolved species.
This is likely attributed to the preferential removal of particulate metals. Hossain
(2005) further described that a positive correlation between the effectiveness of
metal remediation and influent metal concentrations was observed. In other words,
lower removal efficiencies occurred with low metal inlet concentrations.
2.2.2

Swale-based BMPs

Swales consist of a channeled area that is typically vegetated with grass or
plants. Bioswales or vegetated swales (e.g., grassed swales) applied in metals
abatement from stormwater operate by several mechanisms including biological
uptake, sedimentation and infiltration. Metals removal in vegetated swales is
typically enhanced over that in sedimentation based BMPs due to the additional
mechanisms for removal (e.g., infiltration through soils and biological uptake).
However, the performance of swales depends on whether scouring of previous
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deposited sediment occurs. That is, metals concentrations can increase if
previously deposited sediment containing metals are re-suspended (Wright Water
Engineers and Geosyntec Consultants 2011, Backstrom 2003). It has been shown
that at low influent metal concentrations, swales can act as metal sources, where
metal concentrations increase after flowing through swales (Backstrom 2003). For
instance, total zinc concentrations varied from 50 to 135 μg/L in the influent to a
swale, while concentrations after treatment ranged between 67-94 μg/L. Backstrom
(2003) also reported that dissolved copper was released from swales when
stormwater flowed through, resulting in effluent concentrations two to four times
higher than the influent concentrations.
2.2.3

Filtration-based BMPs

In filtration BMPs, such as filter strips and media filters, beds of single or
mixed media are employed for treatment. If metals removal is a primary objective,
selection of appropriate filter media is important. Runoff from different sites may
vary considerably with respect to metals content, pH, and other characteristics. The
removal efficiencies by different media vary with the types of metals treated as
well as the influent metal concentrations. The advantages and disadvantages of
each medium should also be considered in designing filtration BMPs. For example,
it has been indicated that a peat-sand mix showed the greatest potential for
clogging among tested filter materials (peat-sand mix, compost, and zeolites),
whereas color was added to the effluent by compost (Johnson 2003). It has also
been shown that when adsorptive media was used in filtration BMPs, clogging
typically occurred before the media reached breakthrough with respect to
adsorption of the metals of interest (Johnson 2003). Filter devices can last longer
with an upflow design, compared to downflow filters, since an upflow system
prevents clogging. In addition to the concerns described in this paragraph, longer
residence times, similar to sedimentation BMPs, are generally preferred for metal
remediation by filtration BMPs. Tests on different filter media (compost, peat-sand
mix and zeolites) by Johnson (2003) demonstrated that dissolved copper removal
was improved at longer residence times.
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Barrett (2005) compared the performance of several BMPs, including sand
filters, detention basins, multi-chambered treatment train (MCTT), biofiltration
strips and vegetated swales. The results indicated that removal of TSS in sand
filters was independent of influent concentrations, whereas TSS remediation by
swales and detention basins were correlated with inlet concentrations. All the
examined BMPs achieved more than 80 percent reduction of TSS at influent
concentration of 114 mg/L, with the exception of swales and detention basins.
Metals removal was also evaluated, showing that removal efficiencies for zinc
(initial concentration of 122 ppb) were generally better than for copper (initial
concentration of 18 ppb) among all examined BMPs. At the reported influent
concentrations, strips resulted in the greatest removal of dissolved copper (between
70~80%).
A report of international stormwater BMP databases summarizes the
performance of a variety of BMPs for metal abatement (Wright Water Engineers
and Geosyntec Consultants 2011). For total zinc removal, all the tested BMPs
showed significant reductions, where effluent concentrations typically fell between
15 and 30 μg/L when inlet concentrations were in the range of 50-99 μg/L. Similar
results were reported for total copper remediation; most types of BMPs resulted in
statistically significant reductions of copper with the exception of wetland channels.
Bioretention ponds, bioswales, filter strips, media filters, porous pavement,
retention ponds, and wetland basins all worked for removing dissolved zinc down
to 8-25 μg/L. Not as many of the BMPs are effective for the removal of dissolved
copper. Only detention basins, filter strips, and retention ponds showed significant
decreases of dissolved copper, where the corresponding effluent (influent)
concentrations were 4.8 (5.3), 5.3 (11.1), and 5.0 (7.5) μg/L, respectively. However,
none of the BMPs reduced dissolved copper to below about 5 μg/L. In order to
select the best BMPs, it is important to consider the performance of different
BMPs with respect to the target of water treatment while being the most
cost-effective and easy to implement.
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2.3 Treatment Technologies for Removal of Copper from Water
Heavy metal contamination is a major problem facing the management of
stormwater, mine drainage, industrial wastewater, municipal wastewater, surface
water and groundwater used for drinking water and other resources. Remediation
of heavy metal contamination can be accomplished by various treatment
technologies. The most well-known and prevalent technologies include membrane
filtration, chemical precipitation, bioremediation, ion exchange, and adsorption.
What follows are descriptions of the different treatment technologies along with an
analysis of their abilities to remediate copper and a discussion of their advantages
and disadvantages with respect to stormwater treatment.
2.3.1

Membrane Filtration

Membrane filtration processes can be categorized by the membrane pore size
and the driving force. A review by Fu and Wang (2011) summarized a variety of
membrane filtration processes, including ultrafiltration (UF), nanofiltration (NF),
reverse osmosis (RO), and electrodialysis (ED). UF, NF, and RO are pressure
driven processes where the membrane pore size decreases in the order of UF > NF
> RO. Typical cutoff molecular weights for separation by UF, NF and RO range
between 1000 ~ 500000 Daltons, 100 ~ 1000 Daltons, and less than 100 Daltons,
respectively. Because copper ions are smaller than the pore sizes of UF membranes,
large molecular weight surfactants or polymers are required to complex with metal
ions prior to UF. The removal efficiency by UF depends on the addition of
surfactants, the type of metal and metal concentrations. Efficiencies for removal of
copper by UF can be as high as 94% ~ 99.5% for initial concentrations from 10 to
160 ppm. A semi-permeable membrane is used in RO that prevents metal cations
from passing through. The pore sizes of NF membranes are between those of UF
and RO membranes. RO and NF give a wider range of removal efficiencies for
copper compared to UF. The efficiencies for remediation of copper are 70% ~
99.5% and 47% ~ 98% for RO and NF, respectively. Electrodialysis (ED) is a
charge driven membrane processes where the separation of ions by an electric field
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is achieved by charged membranes. Although membrane filtration processes can
usually remove metals or other contaminants to very low levels, the high costs of
membrane filtration makes it inappropriate for stormwater treatment
2.3.2

Chemical Precipitation

Chemical precipitation, which can be accomplished in many ways, is known
for its low cost and simplicity. Chemical reagents added to metal containing
wastewater result in the formation one or more metal precipitates exceeding their
solubility product. Insoluble metal hydroxides, for example, can be formed at
elevated pH (usually > pH 6). The use of lime and limestone in metal removal
from acid mine drainage has been successfully carried out, indicating that both
materials are useful for waste neutralization and metals abatement (Singh and
Rawat 1985, Wu et al. 2003). Both groups showed that most of the studied metals
(Cu, Ni, Cd, Zn, Pb, Mn, Al, Hg, Fe) can be efficiently removed. For instance,
23.18 mg/L of copper in copper mine wastewater was removed to 0.02 mg/L when
pumping the solution through a limestone fluidized bed system (Wu et al. 2003).
Such high removal efficiency was attributed to the increase of pH (from pH 6.3 to
pH 8.7) and resulting formation of metal hydroxides. Chemical precipitation
processes do require the addition of chemical reagents. Furthermore, adequate
reaction time and facilities for particle removal are required, typically necessitating
a large basin and control over the process flow rate. Chemical addition to an
intermittent and variable flow is also challenging and a drawback to chemical
precipitation with respect to stormwater. Ultimately, this process is dependent on
the solubility of the precipitated substance, which is often not suitable for
removing metals to trace quantities. In summary, chemical precipitation processes
are probably not the best method for stormwater treatment for trace metals
removal.
2.3.3

Biological Remediation

A variety of biomaterials, such as yeasts, microorganisms, bacterial strains,
and algae have been studied for bioremediation (Joshi et al. 2011, Imani et al. 2011,
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Chatterjee, Sau and Mukherjee 2011, Ramirez-Paredes et al. 2011), showing that
biological processes are promising methods for water quality improvement.
Depending on the materials used, biosorption, ion exchange, complexation,
microprecipitation and redox reactions can be involved in bioremediation
processes. For instance, biosorption onto cell walls, or mechanisms associated with
microbial metabolism, such as precipitation by components generated from cellular
metabolites and polysaccharides or cell wall elements, can occur in biological
elimination by microorganisms (Imani et al. 2011). The adsorption capacities for
lead by Aspergillus terreus fungi and cadmium by Trichoderma viride fungi from
liquid were 59.67 and 16.25 mg/g, respectively, at initial metal concentration of 50
mg/L (Joshi et al. 2011). The results from the study by Imani et al. (2011) revealed
two stages (rapid and slow) for metal removal by Dunaliella alga. In the first (rapid)
stage, sorption onto the surface of microorganisms occurred, resulting in > 65%
removal of Cd, Pb, and Hg. In the second (slow) stage, metal ions were transported
through the cell membranes, resulting in a final removal of over 80%. Although
research has displayed that bioremediation has the potential for water treatment,
most tests were executed at high metal concentrations (ppm levels), meaning more
studies should be accomplished to prove the capabilities of bioremediation at low
metals concentrations in stormwater runoff. Furthermore, metal abatement by
biological processes is highly pH and temperature dependent. For example, tests
involving a chromium-reducing bacterial strain Cellulosimicrobium cellulans
KUCr3 indicated the organism performed optimally in a pH range from 7 to 8 and
a temperature range of 30 to 40℃ (Chatterjee et al. 2011). Also, the optimal pH for
KUCr3 growth ranges from 7 to 8. It would be difficult to control these variables
in stormwater runoff.
2.3.4

Ion Exchange

Another technique that is widely used in water treatment is ion exchange. This
process is related to adsorption (discussed below) and can be referred to as
exchange adsorption. In ion exchange, the metal or metal complex to be removed
is exchanged for an indifferent ion on the surface of a resin until equilibrium is
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achieved. The exchangeable ions on the surface of ion exchangers are replaced for
a stoichiometrically equivalent amount of ions that need to be removed. In general,
counter-ions with high valence are preferred. A typical cation exchange process is
shown in Equation 1.
2MX(ion exchanger) + Me+2 (aq) ⇌ MeX2 + 2M+

Equation 1

In most ion exchange processes, the resins are regenerable. The regeneration
processes consist of backwashing to wash out the dirt in the bed, regeneration
where a solution with high concentration of M+ (Equation 1) is used to displace the
adsorbed metals, and flushing to rinse out the chemicals used in regeneration. In
the regeneration step, the removed ions can be concentrated to about 20 times in
the 5% treated solution (Wachinski and Etzel 1997). If it is a strong-acid resin, acid
must be used in regeneration processes so that H+ can be exchanged with the
removed cations.
Heavy metal remediation by zeolites, an example ion exchange process, has
been studied by several groups and demonstrated to have fairly high removal
efficiencies (Pitcher et al. 2004, Genc-Fuhrman et al. 2007, Fu and Wang 2011, Wu
and Zhou 2009). Increases in the concentrations of sodium, calcium and other ions
during batch studies were considered to be an indication of ion exchange process,
where metal ions were replacing the released cations at the zeolite surface.
However, Pitcher et al. (2004) indicated that metal precipitation resulting from
elevated pH might also contribute to the removal efficiencies. Dowex XFS-4195
has been reported to have high affinity for copper and nickel and suitable for use in
solutions with low pH, although in the case of using this resin at low pH, strong
acid was required for regeneration of the resin (Czupyrna et al. 1989, Dabrowski et
al. 2004). Other commercial ion exchange resins, such as Amberlite IRC-718
(Rohm and Haas Co.), and Duolite CS-346 (Diamond Sharmrock), have also been
demonstrated to have high selectivity toward copper. In general, commercial resins
are characterized by different functional groups and have variable selectivity with
respect to different metals. Ion exchange resins are typically regenerable, little
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energy is needed, and processes typically have relatively low operating costs.
However, special regenerating treatment is required under specific circumstances.
For instance, cheap and readily available acids like sulphuric acid cannot be used
in regenerating resins containing a high proportion of calcium owing to the
formation of calcium sulfate precipitates. The selectivity toward different metals
needs to be considered in order to remove specific target metals efficiently. The
effective operating time of resins should also be appropriately studied before
applying the resins in stormwater treatment. Therefore, it is essential not only to
accurately estimate the cost for the resins and regeneration, but also select the
appropriate and long-lasting ion exchange resin for the removal of target
substances. As specific for ion exchange processes applied in stormwater treatment,
natural ion exchange materials are preferable because of the requirement of
infrastructure and high costs of commercial ion exchange media.
2.3.5

Adsorption

Adsorption processes are often highly efficient for metals removal and can be
categorized into two types: chemisorption and physisorption. In physisorption,
intermolecular interactions such as van der Waal forces are responsible for
adsorption and no electrons are transferred or shared. On the other hand, adsorbate
ions or molecules are bound to the adsorbent through the formation of chemical
bonds in chemisorption. Like ion exchange resins, adsorbents can sometimes be
regenerated, reducing the cost of water treatment. Activated carbon (AC) is
perhaps the most well studied and used adsorbent; however, it is relatively
expensive. Consequently, finding cost-effective alternative adsorbents has become
an important issue.
The adsorption capacities of clays (Swami and Buddhi 2006, Jiang et al. 2010,
Malandrino et al. 2006) and red mud (Nadaroglu, Kalkan and Demir 2010, Swami
and Buddhi 2006) have been examined by many groups. For example, Jiang et al.
(2010) demonstrated the efficient removal of lead from industrial wastewater using
kaolinite clay (from 160 mg/L to 8 mg/L) and showed that the equilibrium was
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reached within 30 minutes. Trivalent chromium was effectively removed (99.9%)
by red mud (Swami and Buddhi 2006), although the removal efficiency for copper
was much lower (27~31%) (Nadaroglu et al. 2010).
Several bio-adsorbents have also been explored. Seafood processing wastes
such as sludge and crab shell were observed to have effective uptake of the studied
heavy metals (Cu, Cd, Mn, Co, Pb, Zn, Ni) (Lee and Davis 2001, Vijayaraghavan,
Joshi and Balasubramanian 2010). In particular, more than 60% copper was
adsorbed by the wastes when the initial pH of the waste was around 5. The
adsorption capacity of the abundantly available and cost-effective bio-adsorbent
brown seaweed-Cystoseira Indica reached a maximum at pH 6.0. The capacities
were 125.42 mg/g and 97.96 mg/g for copper at initial concentration of 195.7 mg/L
and nickel at initial concentration of 146.9 mg/L, respectively (Basha, Murthy and
Jha 2009). Bioretention systems with compost-amended soil have been
investigated by several groups (Sun and Davis 2007, Davis et al. 2003, Li and
Davis 2009). Davis and co-workers (Davis et al. 2003, Sun and Davis 2007)
showed more than 88 % removal for examined metals (zinc, copper, lead, and
cadmium) while the Sun (2007) group further indicated that most metals were
captured by compost-amended soil although some amount of metals were
remediated by grasses or plants uptake.
Animal bone, primarily consisting of hydroxyapatite, was also proven to be a
potential adsorbent for heavy metals (Wright and Conca 2002, Conca and Wright
2006, Al-Asheh, Banat and Mohai 1999, Kim et al. 2009, Ma et al. 1994, Bogya et
al. 2009, Oliva et al. 2010). 86.7% of copper and 31.8% of nickel were remediated
by animal bone at initial metal concentrations of 100 mg/L (Al-Asheh et al. 1999).
Apatite IITM, a fish bone derived material, has also been shown to achieve high
removal efficiencies. Several metals (zinc, lead, manganese and iron) initially
present at concentrations of 30-75 mg/L were reduced to below 0.1 mg/L (Oliva et
al. 2010). Metals remediation by bone does not take place by a single mechanism.
In addition to adsorption and ion exchange, chemical precipitation and biological
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mechanisms are possible (Wright and Conca 2002). The details of these removal
mechanisms by hydroxyapatite will be described in the next section.
Removal efficiencies of metals using different adsorbents are summarized in
Table 1, along with the corresponding initial concentrations. These results indicate
that most of the examined adsorbents were capable of removing metals from
various waste waters.
Table 1. Metal Removal Efficiencies by Different Adsorbents.
Adsorbents

Metals

Initial
Concentration

Removal
Efficiency (%)

References

Pb, Ni, Cd,
Cu

30 (mg/L)

>60% for all
metals

(Jiang et al.
2010)

Cd, Cu, Mn,
Ni, Pb, Zn

0.1 (mM)

>98% for all
metals

(Malandrino et al.
2006)

Cr

1500 (mg/L)

99.9%

(Swami and
Buddhi 2006)

0.537 (mg/L)

31.3%

0.506 (mg/L)

27.5%

0.01 (mM)

>60% for Cu &

Cd

0.01 (mM)

>50% for Cd at
pH >5

Mn

20.6 (mg/L)

86.9%

Cu

5.14 (mg/L)

99.3%

Co

4.96 (mg/L)

85.8%

Cd

3.22 (mg/L)

98.7%

Ni

4.85 (mg/L)

99.8%

Zn

4.39 (mg/L)

99.8%

Pb

1.01 (mg/L)

≥95.0 %

Clay

Red Mud
Cu

Seafood
Processing
Waste Sludge

Crab Shell

Cu

(Nadaroglu et al.
2010)

(Lee and Davis
2001)

(Vijayaraghavan
et al. 2010)
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Adsorbents

Apatite IITM

Metals

Initial
Concentration

Zn

50 (mg/L)

Pb

29 (mg/L)

Mn

75 (mg/L)

Zn

44.7~146.9
(mg/L)

>99.8%

Pb

0.5~1.4
(mg/L)

>90%

Cd

0.3~0.8
(mg/L)

>93%

Cu

1305 (mg/L)

Brown
Seaweed

Compost
(Bioretention
)

Banana Peel

Removal
Efficiency (%)

References

>99.5%

(Oliva et al.
2010)

90-95% at pH 6
Ni

1075 (mg/L)

Zn

1.44 (mg/L)

97%

Cu

0.17 (mg/L)

93%

Pb

0.16 (mg/L)

97%

Cd

0.048 (mg/L)

>98%

Cu

0.047 (mg/L)

97% at pH 6

Pb

0.091 (mg/L)

≈100%

Zn

0.85 (mg/L)

≈100%

Cu, Pb

10 (mg/L)

>90% at pH 3,
>98% at pH 4 &
5

(Conca and
Wright 2006)

(Basha et al.
2009)

(Sun and Davis
2007)

(Davis et al.
2003)

(Castro et al.
2011)

In many instances, several of the processes described above occur
simultaneously, and it is difficult to attribute metals removal to just one process.
For example, it is not uncommon for chemical precipitation, adsorption and ion
exchange to be occurring simultaneously when many alternative adsorbents are
used. Regardless of the adsorbent, metals removal by these processes can be
affected by environmental conditions such as temperature (Nadaroglu et al. 2010,
Wu et al. 2003), pH (Pitcher et al. 2004, Nadaroglu et al. 2010, Moreno-Pirajan
and Giraldo 2011, Kannan and Veemaraj 2010, Lee and Davis 2001, Jiang et al.
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2010, Liu and Zhang 2011, Basha et al. 2009), and ionic strength (Malandrino et al.
2006, Jiang et al. 2010).
Metals removal has been shown to increase with increasing temperature due to
the insolubility of metal precipitates at higher temperature through precipitation
processes (Wu et al. 2003), or increases in adsorption kinetics and capacities
(Nadaroglu et al. 2010). Removal efficiencies (adsorption capacity) also increase
with increasing pH. First, metals tend to precipitate as metal hydroxides at higher
pH (>6). Secondly, the deprotonation of surface oxide groups at higher pH results
in an increasingly negatively charged surface with more available sites for binding
with metal ions. Similarly, at low pH, protons outcompete metals for adsorption
sites on the surface (Moreno-Pirajan and Giraldo 2011, Nadaroglu et al. 2010). In
other studies, increases in ionic strength (up to 0.1M) resulted in decreased metal
removal (Malandrino et al. 2006, Jiang et al. 2010). As ionic strength increases,
other cations (e.g., sodium ions) can effectively compete with metal ions for
available sites. Finally, it is also known that adsorption capacity increases with
available surface area (Malandrino et al. 2006, Swami and Buddhi 2006). As such,
smaller adsorbent particles are typically more efficient.
Among all the treatment technologies, chemical precipitation was more often
used in mine drainage treatment, where solutions are acidic and have high metal
content. However, the requirement of long settling times and control of flow rate
make it less desirable for the treatment of stormwater runoff. Despite the
effectiveness, membrane filtration is not appropriate due to the high costs and
interferences from other pollutants in stormwater. As described in the previous
section (currently employed BMPs), removal efficiencies of different metal species
are dependent on the types of BMPs, as well as the chosen media. Finding low cost
and highly effective media (adsorbent or ion exchanger) which can be applied in
the existing BMPs (e.g., filter strips or detention ponds) represents a promising
solution for remediating metals from stormwater runoff.
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2.4 Mechanisms of copper removal by fish bone, compost and
related compounds such as woody lignin and phosphate rock
Hydroxyapatite (HA) and Apatite IITM are calcium, hydroxide, phosphate
minerals that have been applied in water treatment. Hydroxyapatite,
[Ca10(PO4)6(OH)2], is the major component of animal bone, and known for its high
removal capacity for heavy metals. Apatite IITM (US Patent #6,217,775), a
fish-bone-derived biogenically precipitated apatite material, has high affinity
toward strontium, europium, trivalent actinides and uranium, and could potentially
be one of the cost-effective adsorbent for nuclear waste treatment (Wright and
Conca 2002, Krejzler and Narbutt 2003). Other than radionuclide remediation,
recent studies have also indicated that Apatite IITM can effectively remove divalent
heavy metals through different processes (Conca and Wright 2006, Oliva et al.
2010). Due to the composition of Apatite IITM, [Ca10-xNax(PO4)6-x(CO3)x(OH)2]
(where x < 1), the release of PO43- from Apatite IITM to solution promotes metal
precipitation as metal-phosphate solids. This process depends on the solubility of
solids and metal concentrations. Metals, transition metals particularly, can also be
chemi-adsorbed onto the surface of Apatite IITM through the uncompensated
hydroxyl and phosphate groups. In addition, transition metals can be precipitated
as metal salts stimulated by biological processes. It is thought that CH2O contained
in the Apatite IITM structure supplies the electrons and serves as the carbon sources
for SO4-2 reducing bacteria to generate the sulfide, leading to the precipitation of
metal sulfides (Conca and Wright 2006). Furthermore, dissolution of Apatite IITM
makes it a strong pH buffer (releasing phosphate and hydroxide), typically
resulting in a final pH of 6.5-7. Many metal hydroxide species are insoluble above
pH 6. Kim et al. (2009) have found that hydroxyapatite yielded better removal
efficiencies for copper at pH > 6, because, in addition to adsorption, precipitation
of copper occurred at higher pH. Because Apatite II has many mechanisms for
promoting the removal of metals from solution, it represents a promising
alternative media for use in stormwater BMPs.
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Compost, which is currently applied in many BMPs for stormwater treatment,
has been investigated by several groups (Sun and Davis 2007, Maurer 2009, Davis
et al. 2003, Li and Davis 2009). Sun and Davis (2007) evaluated bioretention
system for metals removal from synthetic runoff. The bioretention system
consisted of a top 5 cm layer of 50% planting soil and 50% leaf mulch, followed
by a layer (5-25 cm) of 50% sand, 30% planting soil, and 20% leaf mulch. Three
different grass species, Panicum Virgatum (PV), Kentucky-31 (K-31), and Bromus
ciliates (BC), were planted on the top of the systems. Results indicated that the
effectiveness of metals uptake was nearly the same for different grass species. 94%
zinc, 88% copper, 95% lead and > 95% cadmium were removed when the
corresponding inlet concentrations were 660, 71, 67, 21 μg/L, respectively. Such
high removal efficiencies were mainly by compost-amended soil (88-97%) rather
than accumulating in plants (0.5-3.3%). The removal mechanisms by
compost-amended soil include soil filtration, adsorption and biotransformation.
More adsorption sites provided by organic matter in compost-amended soil
bioretention systems results in the improvement of the effectiveness for metals
remediation through adsorption processes (Sun and Davis 2007, Maurer 2009).

2.5 Adsorption Theory
Adsorption is defined as the accumulation of a particular species at the
interface between two phases. There are two typical and fundamental adsorption
processes discussed below. A species is said to be physically adsorbed (physical
adsorption) if the adsorptive driving force involves only intermolecular forces and
no electrons are transferred or shared. On the other hand, the other type of
adsorption, chemisorption, depends mainly on the chemical property of adsorbate
and adsorbent (Faust and Aly 1987). The formation of chemical bonds is involved
between adsorbent and adsorbate in chemisorption.
The adsorption of a solute or adsorbate from the liquid phase onto the solid
phase is widely studied and applied in wastewater or drinking water treatment. The
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inverse process of adsorption is called desorption. When the adsorption rate is
equilibrated with the desorption rate, adsorption equilibrium is achieved.
Adsorption isotherms quantify the amount of adsorbate adsorbed per unit mass of
adsorbent and the concentration in solution at equilibrium at constant temperature.
The linear, Langmuir and Freundlich adsorption isotherms are the most common
adsorption isotherms.
For linear isotherms, a proportional relationship can be used to describe the
liquid and solid phase concentrations of the adsorbate at equilibrium. The linear
isotherm is shown as Equation 2:
Equation 2
where qe is the amount of adsorbate or solute adsorbed per unit mass of adsorbent;
Ce is the equilibrium solute concentration in solution.
The Langmuir model assumes that there are a fixed number of sites available
on the surface of the adsorbent and that the adsorption energy for each site is the
same. The Langmuir isotherm is expressed as Equation 3:
(

)

Equation 3

where the definitions of qe and Ce are the same as described above; b is the a
constant related to adsorption energy; and qmax is the maximum adsorption capacity.
Different from the assumptions of the Langmuir model, the Freundlich model is
based on an empirical expression, and assumes an exponential distribution of sites
and adsorption energies. The Freundlich equation is defined as Equation 4:
Equation 4
The qe and Ce are the same as described above; K is a constant correlated with the
adsorption capacity; and 1/n is a constant related to the adsorption energy. In order
to have a better understanding of adsorption mechanisms, batch experiments are
often conducted and the data is applied to the linear form of either the Freundlich
or Langmuir isotherms for calculating the respective constants.
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Chapter 3: The Assessment of Copper and Zinc Removal from
Highway Stormwater Runoff using Apatite IITM

3.1 Abstract
Copper and zinc are heavy metals commonly present in highway stormwater
runoff. Discharge of these metals to surface waters inhabited by sensitive aquatic
species including threatened and endangered salmonids has necessitated the need
for improved treatment techniques. Although copper is of the greater toxicological
concern, zinc is often present at concentrations several times higher than copper
and may compete with copper during adsorptive treatment processes. In the current
study, the ability biogenic fish-bone based alternative adsorbent, Apatite IITM, for
copper and zinc removal from synthetic stormwater runoff was evaluated. Batch
experiments were employed to examine equilibrium removal and rapid small scale
column tests (RSSCT) were used to simulate dynamic operation in continuous
systems. In both batch and continuous systems, the release of phosphate and
calcium were observed, and Apatite IITM achieved high removal efficiencies. The
removal of copper and zinc was likely due to a combination of processes including
adsorption, ion exchange and precipitation. Precipitation played a dominant role, in
copper removal and the release of phosphate and pH buffering appear to drive this
process. While precipitation was also quite important for zinc removal, adsorptive
removal also played a role The findings from the current study provide a general
understanding of the performance of copper and zinc removal from stormwater
runoff using Apatite IITM.

3.2 Introduction
The objective of this work was to evaluate the efficacy of an alternative
fish-bone-based sorbent media, Apatite IITM, for the removal of copper and zinc
from simulated stormwater runoff. Heavy metal contamination of natural waters is
an ongoing challenge in the field of environmental engineering and stormwater
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runoff represents a significant source of metals such as Cu, Cd, Zn, Pb, Ni and Cr
(Kayhanian 2010, Howell 1979, Hewitt and Rashed 1988, Makepeace et al. 1995).
Many of these metals are known to be toxic to aquatic life (Campbell and Stokes
1985, Kayhanian 2010). Among the metals listed above, copper is of particular
concern in the western U.S. due to inhibitory effects on juvenile salmon at low
concentrations. For example, exposure of juvenile Coho salmon to 2 µg/L of
dissolved copper for 3 hours inhibited the predator avoidance behavior and
olfactory function (Sandahl et al. 2007). Additionally, only minimal protection
from the toxic effects was observed at alkalinity, hardness and dissolved organic
carbon (DOC) levels typical of western rivers (McIntyre et al. 2008).
The most significant source of copper in highway stormwater runoff is brake
pad wear (Davis et al. 2001), with concentrations typically ranging from 1.1~130
μg/L for dissolved copper and 1.2~270 μg/L for total copper (Davis et al. 2001,
Moran 1997, Legret and Pagotto 1999, Kayhanian 2010, Nason et al. 2011).
Although the concentrations are dependent on many factors, levels are typically
higher than those shown to affect juvenile salmon, albeit before dilution into
surface waters. Industrial stormwater can also contain copper and other metals in
large quantities (Chong, Chen and Hsieh 2012, Line et al. 1997). When considering
adsorptive technologies, it is important to also consider competition between
metals with similar chemical characteristics. Zinc, for instance, is also commonly
found in stormwater with concentrations ranging from 3-1017µg/L for dissolved
zinc and 5.5-1680 µg/L for total zinc (Kayhanian 2010, Nason et al. 2011). In
general, zinc is present a concentrations several times higher than copper in a given
sample.
A variety of Best Management Practices (BMPs) have been applied for
stormwater treatment. In general, BMPs can be categorized into different types
based on the removal mechanisms. Examples include: sedimentation-based,
swale-based, and filtration-based BMPs. The performance of BMPs vary with the
types of metals treated, metal concentrations, residence time, particle size

24

distribution, and aqueous chemistry (e.g., pH, alkalinity, and redox conditions). It
has been demonstrated that filter strips and retention ponds are able to efficiently
remove both the particulate and dissolved forms of copper and zinc (Wright Water
Engineers and Geosyntec Consultants 2011). However, even the best performing
BMPs are only able to remove dissolved copper to approximately 5 µg/L. The
amendment of existing stormwater BMPs with low-cost adsorptive or
ion/exchange media, or the design of novel passive treatment facilities
incorporating these materials have the potential improve metal removal and aid in
meeting increasingly stringent regulations for the discharge of metals in
stormwater.
Several alternatives exist for removing metals from aqueous wastes streams.
These include chemical precipitation (Singh and Rawat 1985, Wu et al. 2003),
membrane separation (Fu and Wang 2011), bioremediation (Ramirez-Paredes et al.
2011, Chatterjee et al. 2011), ion exchange (Dabrowski et al. 2004, Wu and Zhou
2009), and adsorption (Jiang et al. 2010, Vijayaraghavan et al. 2010). Among these
treatment technologies, biological processes, ion exchange, and adsorption are the
most amenable for stormwater treatment. These processes are generally able to
treat stormwater with metals at trace levels (~μg/L) (Pitcher et al. 2004, Davis et al.
2003, Genc-Fuhrman et al. 2007, Sun and Davis 2007). In addition, they can be
employed as passive stand-alone processes or incorporated into existing BMPs. Ion
exchange and adsorption processes are relatively low cost as long as long-lived and
cost-effective media are used.
Many cost-effective alternative adsorbents, such as clays (Swami and Buddhi
2006, Jiang et al. 2010, Malandrino et al. 2006), red mud (Nadaroglu et al. 2010,
Swami and Buddhi 2006), and bio-adsorbents (Lee and Davis 2001,
Vijayaraghavan et al. 2010, Sun and Davis 2007, Davis et al. 2003, Li and Davis
2009) have been examined for metals remediation. Many of these materials are
highly efficient for heavy metal removal. For instance, Jiang et al. (2010)
demonstrated the efficient removal of lead from industrial wastewater using
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kaolinite clay, where lead were removed from 160 mg/L to 8 mg/L (95% removal).
Crab shell applied in metals remediation (Mn, Cu, Co, Cd, Ni, Zn, Pb) also
indicated removal efficiency greater than 85% for all examined metals, and even
greater than 99% for both Cu and Zn (Vijayaraghavan et al. 2010). Brown seaweed
applied for Cu and Ni remediation at approximately 1000 mg/L levels was also
quite effective (90-95% removal) (Basha et al. 2009).
Animal bone, primarily consisting of hydroxyapatite, has also proven to be a
potential inexpensive adsorbent for heavy metals remediation (Wright and Conca
2002, Conca and Wright 2006, Al-Asheh et al. 1999, Kim et al. 2009, Ma et al.
1994, Bogya et al. 2009, Oliva et al. 2010). For instance, 86.7% of copper and
31.8% of nickel were remediated by animal bone at initial metal concentration of
100 mg/L in batch experiments (Al-Asheh et al. 1999). Apatite IITM, a fish bone
derived material, is considered to be a promising alternative adsorbent for water
treatment due to a combination of different removal mechanisms. Adsorption, ion
exchange, chemical precipitation and biologically mediated removal are all
possible when using Apatite IITM (Conca and Wright 2006). Several metals (zinc,
lead, manganese and iron) initially present in synthetic mine wastes at
concentrations of 30-75 mg/L were reduced to below 0.1 mg/L in column
experiments (Oliva et al. 2010). Apatite IITM was also applied in the remediation of
zinc, lead, and cadmium from acid mine drainage at a field site. Cadmium and lead
were removed from about 350~1450 μg/L to below 5 μg/L, whereas zinc initially
present at higher concentrations (ppm levels) was removed to below 100 μg/L
(Conca and Wright 2006). The removal mechanisms, while being a combination of
adsorption and precipitation of metal phosphate and metal hydroxide, were
suggested to be primarily through precipitation for lead, manganese and iron (e.g.,
pyromorphite and iron hydroxide). Uptake of zinc, on the contrary, was mainly
through sorption onto Apatite IITM, particularly at low concentrations (<1mM)
(Oliva et al. 2010).
Although cost-effective alternative adsorbents have been investigated for
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metals abatement by several groups, most of the studies have focused on highly
contaminated wastes (mg/L). Additional investigations at low metals
concentrations (μg/L) are needed to assess the applicability of alternative sorbents
for stormwater treatment, where removal of metals to trace levels is important.
Furthermore, a more complete understanding of the mechanisms responsible for
metal removal is also needed to maximize efficiency and design appropriate
treatment facilities. In the present work, the feasibility of Apatite IITM for removal
of copper and zinc from synthetic highway stormwater runoff was investigated.
Batch experiments were performed to characterize the equilibrium removal
capacity of Apatite IITM for of copper and zinc, as well as to examine competitive
adsorption. Continuous flow column tests were then performed to understand the
dynamic performance of Apatite IITM. Along with performance data, the
characteristics of the media are presented and the mechanisms responsible for
metals removal are evaluated. Finally, practical engineering considerations relevant
to the application of Apatite IITM for stormwater treatment are discussed.

3.3 Materials and Methods
3.3.1

Media
Apatite IITM (US Patent #6,217,775), a fish-bone-derived biogenically

precipitated apatite material, was purchased from PIMS NW, Inc. The as received
Apatite IITM was ground by a blender, sieved to collect the 40×50 mesh fraction
(geometric mean diameter = 0.3585 mm), and then autoclaved and air dried before
use.
3.3.2

Reagents
All synthetic metal solutions were prepared with purified water (18 MΩ) from

an ELGA Purelab Ultra system. Single element standard solutions for Inductively
Coupled Plasma (ICP) (BDH, ARISTAR) were diluted to the desired metal
concentrations for use in batch and column experiments. Ionic strength and
alkalinity were adjusted by Puratronic grade sodium chloride (99.999%) (Alfa
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Aesar) and ACS grade sodium bicarbonate (EMD Chemicals Inc.), respectively.
The pH of metal solutions was adjusted to about 6.0 using 3M sodium hydroxide
or concentrated nitric acid.
3.3.3

Sample Analysis and Characterization
The solution pH was determined by pH meter (AR 50 meter from Fisher

Scientific). Metal concentrations were measured by Inductively Coupled
Plasma-Optical Emission Spectroscopy (Teledyne Leeman Labs Inc., ICP-OES).
The limits of detection for copper and zinc were approximately 1 μg/L, and
approximately 6 μg/L for calcium. Anions were measured by Ion Chromatography
(IC) (DIONEX, LC 25 Chromatography Oven and CD 20 Conductivity Detector).
Crystal Structure. The crystal structure of the Apatite IITM media was
characterized before and after column experiments. Samples were dried completely
at 100°C in the oven for approximately 30 minutes. Then, Apatite IITM was
characterized by x-ray diffraction (Bruker AXS, D8 Discover 203259, XRD) with
an Cu Kα x-ray source (λ=1.5406 Å). The measurement was conducted from 2θ =
20 – 55 degrees. EVA software was used for data processing and analysis.
Elemental Analysis. Surface morphology and chemical composition analyses of
dried Apatite IITM were conducted using an FEI Quanta 600F Field Emission
Scanning Electron Microscopy (SEM) operated at 30 kV. Chemical composition
analyses were conducted using an EDAX Energy Dispersive Spectrometry (EDS)
system. EDAX Genesis software was used to calculate the chemical composition
using the ZAF method.
3.3.4

Batch Equilibrium Studies
Synthetic metal solutions (pH 6) initially contained 1mM NaCl, 0.185mM

NaHCO3, 0-6400 μg/L Cu and/or 0-6400 μg/L Zn. The NaCl and NaHCO3
concentrations were chosen to approximate the ionic strength and alkalinity of
highway stormwater runoff (Nason et al. 2011). Single element (copper only and
zinc only) and binary element (copper and zinc) batch experiments were completed
at 20℃. 100 mL aliquots of metal containing solution were placed with 200 mg of
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sieved fish bone in acid washed 125mL high-density polyethylene bottles.
Bottles were placed on a tumbler for 2 days, allowing the achievement of
equilibrium (based on the preliminary kinetic studies, see supplementary
information). The mixture was then filtered through a 0.45 μm membrane filter
(Millipore). The solution pH was measured immediately after filtration of fish
bone and collection of aliquots for cation and anion analysis. Aliquots for metals
analysis were collected in polystyrene culture tubes and acidified with
concentrated ultra-pure nitric acid (Aristar Ultra) to below pH 2, and stored at 4℃
prior to measurement. Samples for anion analysis were also collected in
polystyrene culture tubes.
Batch experiments without Apatite IITM were carried out to gain insight into
the metals removal by precipitation alone. Solutions containing copper or zinc at
various concentrations (100-6400 µg/L), 1mM of NaCl, 0.185mM of NaHCO3, 20
mg/L phosphate and pH adjusted to 7.3 were selected to predict possible
precipitation (metal phosphates or metal hydroxides) during batch studies
containing Apatite IITM. 100mL of solution was placed in high-density
polyethylene bottles and then placed in a tumbler for 2 days. Samples were filtered
and acidified for metals analysis. To further probe the role of phosphate in the
precipitation process, solutions containing NaCl, NaHCO3 and copper or zinc were
adjusted to pH 7.3 without the addition of phosphate.

3.3.5

Column Studies
Rapid Small Scale Column Tests (RSSCT) (Crittenden, Berrigan and Hand

1986) were used to simulate the operation of Apatite IITM in a continuous system
and to predict performance at full-scale. A full-scale adsorption bed consisting of a
4 in. (10.16 cm) deep bed of 12×40 mesh (RLC = 0.42 mm) Apatite IITM and a
superficial velocity of 58.67 m/d (1 gpm/ft2) was assumed for the design of the
RSSCT tests. This system was meant to represent the placement of a layer of
media in an infiltration type retention pond. The superficial velocity (loading rate)
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was chosen based on a wide array of previous work, where reported filtration and
infiltration velocities ranged between 0.005-24.54 gpm/ft2 (Hsieh, Davis and
Needelman 2007, Champagne and Li 2009, Johir et al. 2009). The particle size of
the media used in the small column (RSC = 0.1793 mm) was selected to be in
between the sizes used in previous work with other adsorbent media
(Vijayaraghavan et al. 2010, Genc-Fuhrman et al. 2007, Jiang et al. 2010). The
superficial velocity and empty bed contact time (EBCT) of the RSSCT design were
then determined based on the appropriate scaling relationship relating the lab-scale
(small) and hypothetical field-scale (large) bed (Eqn. 3-1 and Eqn. 3-2) (Crittenden
et al. 1986).
𝐸𝐵𝐶𝑇𝑆𝐶
𝐸𝐵𝐶𝑇𝐿𝐶
𝑉𝑆𝐶
𝑉𝐿𝐶

(

𝑅𝑆𝐶 2
)
𝑅𝐿𝐶

Eqn. 3 − 1

𝑅𝐿𝐶
𝑅𝑆𝐶

Eqn. 3 − 2

The subscript-SC and –LC used in equations stands for small column and large
column, respectively; EBCT is the empty bed contact time; R is the radius of the
adsorbent particle applied in column experiments; and V is the superficial velocity.
The characteristics of the RSSCT and hypothetical full-scale system are displayed
in Table 2. The ratio of column diameter and media diameter was 27.9 to minimize
any wall effects (Rose 1951).
Table 2. Characteristics of RSSCT and full-scale systems
Full Scale
RSSCT
Column Diameter (m)

NA

0.01

Packed Bed Length (cm)

10.16

4.3

Particle Diameter (mm)

0.8400

0.3585

Flow Rate (mL/min)

NA

7.5

Velocity (m/d)

58.67

137.48

EBCT (min)

2.49

0.45
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A 20 cm × 1 cm I.D. glass column fitted with adjustable teflon plungers (Ace
Glass Inc.) was used to carry out the column experiments. Prior to assembly, the
column parts were cleaned with 0.1M nitric acid for 30 minutes and with purified
water (18 MΩ) for another 30 minutes before packing. The column was then wet
packed with ~1.82 g sieved fish bone. As shown in

Figure 1, concentrated stock solutions were pumped into a mixing chamber
and stirred thoroughly before being pumped through the packed column. The
characteristics of the influent solution were 100 µg/L of copper, 1mM NaCl,
0.185mM NaHCO3, and 0.01% NaN3 (in some trials) at pH 6. An influent solution
containing 100 µg/L of copper and 400 µg/L of zinc with 1mM NaCl, 0.185mM,
NaHCO3 and 0.01% NaN3 at pH 6 was used to study the binary mixture. Column
experiments were carried out at room temperature. Samples were taken
periodically at the inlet and outlet of the column for measurement of pH, alkalinity,
phosphate, calcium and copper and/or zinc.
Finally, a second set of batch tests was performed to examine the precipitation
of metal phosphates and metal hydroxides on a time-scale representative of
transport through the column (26 seconds). As described above, solutions
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containing NaCl, NaHCO3 and copper were adjusted to various pH and phosphate
concentrations and allowed to mix rapidly for approximately 30 seconds before
filtering and acidifying for metals analysis. The pH and the concentrations of
phosphate were based on the pH and phosphate concentrations in the column
effluent at selected operating times.

Figure 1. Packed Bed Column System: PP=Peristaltic Pump, SP=Syringe Pump,
F=Filter, PG=Pressure Gauge
3.3.6

Equilibrium Modeling
Final metal concentrations in the batch tests were compared with those

predicted by an equilibrium chemical thermodynamics model (visual MINTEQ).
Parameters used in equilibrium modeling were determined based on the
equilibrium conditions of batch tests, where pH was approximately 7.3, and
phosphate and calcium concentration were chosen to be 20 and 6 mg/L,
respectively. Other conditions such as ionic strength and other ions (i.e., Na+, Cl−,
HCO3− and N3−) were all input at the initial concentrations of batch studies.
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3.4 Results and Discussion
3.4.1

Characterization of Adsorbent
An SEM image of the virgin Apatite IITM is shown in Figure 2. The EDS

spectrum of Apatite IITM shown in Figure 3 indicates that calcium, phosphorus,
oxygen and carbon are the major components present in Apatite IITM. The strong
peaks shown in the XRD pattern (Figure 4) largely correspond to the crystal
structure of hydroxyapatite, [Ca5(PO4)3OH] (JCPDS-ICDD file number 09-0432).
These results are similar to previous XRD analysis of animal (pig and cow) bone,
where hydroxylapatite was also the primary component (Kim et al. 2009). The
amorphous nature of the Apatite IITM likely prevented the identification of
crystalline structures containing carbon and sodium by XRD.
It has been reported that the apatite mineral in bone differs from abiotic
hydroxylapatite. Apatite IITM has the general composition
Ca10-xNax(PO4)6-x(CO3)x(OH)2 with x<1, and contains up to 30-40 weight
percentage of organics within the pore structure(Conca and Wright 2006). Based
on the results shown in Figure 3, the ratio of Ca:P:Na:C:O in the Apatite IITM used
in this study is 8.99: 5.42:1.00:54.98:39.41. This result highly corresponds to the
ratio where Ca:P:Na:C:O ≈ 9-10:5-6: 0-1: 0-1:25-26 based on structure described
above. The fact that carbon and oxygen were detected at much higher
concentrations than the suggested molar percentage can be explained by the
organic materials in the internal pores of the inorganic structure.
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Figure 2. SEM image
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Figure 3. EDS spectrum of Apatite IITM
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Figure 4. XRD pattern of Apatite IITM and the diffraction pattern for abiotic
hydroxyapatite (JCPDS-ICDD file number 09-0432 is shown for comparison)
3.4.2

Batch Studies

Results from the single-element batch tests are shown in Figure 5. As discussed
below, the removal of copper and zinc in the batch tests occurred by precipitation
and adsorption or ion exchange. To facilitate comparison between the various trials
and to gain insight into the RSSCT design, equilibrium liquid and solid phase
concentrations are reported here as “isotherms” where “qe” represents the sum of
adsorbed and precipitated metals normalized by the initial mass of Apatite IITM.
Copper removal was characterized by a linear isotherm (K = 0.014±0.001

L

, 95%

mg

CI). As described in Section 3.3.5, some column experiments were performed with
the addition of sodium azide as a biocide to prevent biological growth. Adsorption
of copper was unaffected by the presence of the sodium azide (see Figure 14 of the
supporting information); the partitioning coefficient, K, was not significantly
different in the two trials (α = 0.05, ANOVA of linear regression with dummy
variables) (see Table 9 of the supporting information). Removal of zinc was
characterized by a Freundlich-type isotherm (kf = 0.082

μg0.287 ∙L0.0.713
mg

,

1
𝑛

= 0.836),
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suggesting a distribution of site binding energies on Apatite IITM although
precipitation may also have influenced the isotherm. At equilibrium, the removal of
zinc (i.e., “qe”) was higher than for copper at all aqueous phase metal
concentrations (Ce).
3.5
3

y = 0.082x0.836

qe (mg/mg)

2.5

y = 0.014±0.001x
R² = 0.986

2
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0
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200
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Ce (mg/L)

Figure 5. Copper and zinc removal in single element batch systems (final pH =
7.2-7.3)
Batch studies with both copper and zinc present in solution were also carried
out to examine competitive effects (Figure 6). As in the single-element tests,
copper removal was well described by a linear isotherm (K= 0.013±0.001
CI) and zinc adsorption by a Freundlich isotherm (kf = 0.189

μg0.374 ∙L0.626
mg

L

, 95%

mg

,

1
𝑛

=

0.626). The adsorption isotherms for both metals matched well in single and binary
systems, indicating the presence of zinc had no significant influence on removal of
copper, and vice versa. There were no significant differences for copper removal in
single-element and dual-element systems (see Figure 15 and Table 9 of the
supporting information). Based on the comparison of joint 95% confidence
intervals for kf and 1/n (Fairey and Wahman In Press) , the isotherm parameters for
zinc only are significantly different from the parameters in the competitive system
(see Figure 17 of the supporting information). This difference is most likely due to
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the lowest data points of the zinc only system Figure 16. Re-running those points
may be required to ascertain whether the difference is reproducible or attributable
to experimental error.
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Figure 6. Copper and zinc removal in binary systems (final pH = 7.2-7.3)
At equilibrium in the batch tests, large concentrations of calcium and
phosphate were detected in the aqueous phase, indicating dissolution of the apatite
mineral (Table 3). At equilibrium, the pH in the batch tests were 7.2-7.3 (Table 3),
corresponding to previous work indicating that the release of phosphate from
Apatite IITM increased the solution pH of acid mine drainage to around neutral
(Conca and Wright 2006).

Table 3. Average calcium, phosphate and pH at equilibrium in batch studies
Cu Only

Zn Only

Binary System

Average Ca2+
(mg/L)

7.65±0.32a

6.57±0.64

5.79±0.26

Average PO43(mg/L)

25.00±0.83

25.01±2.37

18.12±0.70
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pH
a

7.28±0.02

7.26±0.05

7.22±0.04

95% confidence interval.
As removal of copper and zinc by Apatite IITM may occur through

simultaneous precipitation and surface complexation (adsorption or ion exchange),
simulation by visual MINTEQ and batch precipitation tests without the presence of
Apatite IITM were conducted to distinguish the contribution of each process. Table
4 and Table 5 summarize the results of batch tests for copper and zinc with or
without Apatite IITM and the results of equilibrium modeling.
Modeling with visual MINTEQ for copper was first conducted and the results
indicated most of the dissolved copper precipitated as tenorite [CuO] crystal (Table
10 of the supporting information). Predicted equilibrium copper concentrations
were consistently lower than those measured experimentally. As such, a second
model run was carried out and tenorite was excluded as a possible crystal phase
(Table 4). Under these conditions, it was noted that the modeling results were
closer to the batch precipitation tests, suggesting that the initial formation of
tenorite may be kinetically unfavorable. As shown in Table 4, modeling without
tenorite indicated that malachite [Cu2CO3(OH)2] was the only copper-related solid
species present in all cases.
The initial pH in the batch precipitation tests was pH 7.3. pH was relatively
constant in the trials containing phosphate. However, the final pH dropped to
between 6.7-7.2 depending on the initial metal concentrations in trials without
phosphate. Because the precipitation of malachite (or tenorite or other copper
oxide solids) results in the release of protons, the pH dropped more dramatically in
trials with higher initial copper concentrations. This comparison of final pH and
copper concentrations between the batch tests with and without phosphate illustrate
the role of phosphate in the process. Although phosphate does not participate
directly in the formation of copper phosphate solids, its presence acts to buffer the
solution at elevated pH where the solubility of malachite or other relevant copper
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solids is decreased, allowing greater removals of copper. The results demonstrated
that as expected, the concentration of dissolved copper increased with decreasing
pH. Additionally, the dramatic decrease of pH for the high metal concentrations in
the batch tests without phosphate is likely due to the release of protons from large
amount of metal precipitate.
Comparing the results from batch tests with and without Apatite IITM suggest
that more than 85% of copper was removed by precipitation for initial copper
concentration higher than 400 µg/L. Considering the modeling in all cases,
malachite is suggested to be the only precipitate related to copper and precipitation
is the primary removal mechanism. However, as discussed subsequently, direct
observation of a copper containing phase was not achieved using XRD analysis.
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Table 4. Summary of equilibrium modeling and batch tests for copper with and without Apatite IITM (tenorite excluded)
Without PO4
With 20 mg/L of PO4
With Apatite IITM
Initial Copper
Final Cu
Final Cu
Final Cu
Final Cu
Concentration
Final Cu (µg/L)
pH
(µg/L)
(µg/L)
pH
(µg/L)
pH
(µg/L)
(µg/L)
(experimental)
(experimental) (Modeling)
(Modeling)
(experimental)
100

7.2

21.74±9.60

47.84

7.3

NAa

61.65

7.3

5.59±1.05

400

6.8

224.81±22.01

134.98

7.3

64.96±9.37

61.87

7.3

23.85±3.53

1600

6.72

590.66±10.06

175.22

7.3

78.69±16.71

62.82

7.3

59.79±11.59

6400
6.68
Data not available

833.26±32.60

218.56

7.2

83.19±7.52

85.76

7.3

212.97±10.19

a

Table 5. Summary of equilibrium modeling and batch tests for zinc with and without Apatite IITM
Without PO4
With 20 mg/L of PO4
Initial Zinc
Final Zn
Final Zn
Final Zn
Concentration
Final Zn (µg/L)
pH
(µg/L)
(µg/L)
pH
(µg/L)
(µg/L)
(experimental)
(experimental) (Modeling)
(Modeling)

a

pH

Final Zn
(µg/L)
(experimental)

100

7.1

55.94±6.68

100

7.3

NAa

100

7.3

BDLb

400

NA

NA

NA

7.3

328.40±32.69

133.79

7.3

BDL

800

6.86

678.85±12.86

800

NA

NA

NA

NA

6.91±2.13

1600

6.75

1519.20±91.38

1600

7.3

1293.21±74.61

137.82

7.3

8.11±2.39

6400

6.6

4340.45±34.70

6400

7.24

1160.68±31.48

180.03

7.3

84.28±6.12

Data not available
BDL: below detection limits

b

With Apatite IITM
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Zinc, on the contrary, appeared to be more soluble than copper based on the
results of modeling and batch precipitation tests (Table 5). Modeling without the
addition of phosphate indicated complete dissolution of zinc for all concentrations.
Zinc became less soluble with the presence of phosphate in solution because zinc
concentrations generally exceed the solubility of hopeite [Zn3(PO4)24H2O]. For the
tests with phosphate in solution, hopeite formation was predicted on the basis of
the modeling results. This corresponds to the precipitation of zinc at high
concentrations predicted by Oliva et al. (2010).
Based on the modeling results, a large amount of zinc was likely removed by
the precipitation of hopeite. The fact that final concentrations of zinc were higher
in the experimental results than predicted by modeling may be because the solution
required more than 2 days to achieve equilibrium. The increased removal of zinc in
the presence of Apatite IITM (as compared to the batch tests with phosphate) is
possibly due to the removal by sorption mechanisms. The lower energy barrier
required for heterogeneous nucleation may also have resulted in more hopeite
precipitation in tests with Apatite IITM.
Surface complexation of zinc with hydroxyapatite has been suggested to be
HAP − OH + Zn2 ⇌ HAP − O − Zn + H

(Corami, Mignardi and Ferrini 2007).

Exchange of calcium with zinc, which can be expressed as HAP − Ca2 + Zn2 ⇌
HAP − Zn2 + Ca2 , has also been suggested (Suzuki, Hatsushika and Hayakawa
1981, Corami et al. 2007). The sorption processes should be able to be
distinguished based on the concentrations of the released calcium or the decrease
of pH. However, Apatite IITM released high amount of calcium through dissolution
of solid, even in the absence of copper or zinc. Along with the release of protons
by surface complexation, simultaneous zinc phosphate precipitation, also releases
protons. As a result, it is difficult to characterize the sorption processes based on
the released calcium or changes of pH.
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Table 6. Comparison of adsorption capacities of Cu and/or Zn onto various
adsorbents (at equilibrium aqueous phase metals concentrations of 100 µg/L)
Adsorbents
Metals
pH
qe (µg/mg)a
References
Cu
1.3
Apatite IITM
6.0
This study
Zn
3.4
Pineapple leaf
(Weng and Wu
Cu
5.0
0.24
powder
2012)
Brown
(Basha et al.
seaweed-Cystoseira
Cu
6.0
0.07
2009)
Indica (CB1)
Mixture of
ironhydroxide and
zeolite (P4)

Cu

0.08
6.5

Zn

Cu

0.16

7.0

(Wu and Zhou
2009)

0.54

(Moreno-Pirajan
and Giraldo 2011)
(Machida,
Aikawa and
Tatsumoto 2005)

Activated carbon

Red mud

Cu

5.1-5.8

0.07

Cu

5.5

0.11

Cu
Chitosan flakes

Zn

1.05
6.0

1.03

Modified oak
sawdust

Cu

4.0

0.30

Tea-industry waste

Cu

5.5

0.41

Hibiscus dye waste

Zn

6.0

83.85

Activated Firmiana
simplex leaf

Zn

NA

1.14

(Nadaroglu et al.
2010)
(Bassi, Prasher
and Simpson
2000)
(Argun et al.
2007)
(Cay, Uyanik and
Ozasik 2004)
(Vankar, Sarswat
and Sahu 2012)
(Tang et al. 2012)

(Aman et al.
2008)
a
qe (µg/mg) stands for the mass of metal removed per mass of media
Potato peels

Cu

6.0

3.79

Table 6 presents a comparison of adsorption capacities for copper and/or zinc
at an equilibrium liquid phase concentration of 100 µg/L for a variety of adsorbents.
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Most of the previous work was carried out between pH 5 and 7, with the exception
of the oak sawdust. Adsorption capacities for zinc were generally greater than
those for copper. Results from the present work are consistent with that trend. For
most materials conducted at pH 5.5-6.5, adsorption capacities for copper and zinc
at an aqueous concentration of 100 µg/L are less than the capacities of Apatite IITM,
except the dye waste and the potato peels. That is, copper and zinc removal by
Apatite IITM were more favorable than most of the reviewed media. In summary,
batch/equilibrium studies of metal removal by Apatite IITM indicated high removal
efficiencies for both copper and zinc.
3.4.3

Column Studies

Rapid small scale column tests were carried out to study the dynamic
performance of Apatite IITM in continuous-flow systems. During initial
experiments, what appeared to be biological growth appeared in the column and
was accompanied by an increase of the pressure to an unacceptable point (>30 psi).
As a result, subsequent experiments were performed with the addition of sodium
azide as a biocide to isolate the effects of physico-chemical removal mechanisms
from biological mechanisms and to facilitate longer column runs. Breakthrough
curves for copper in three column tests are shown in Figure 7. The effluent pH is
displayed in Figure 8, and the effluent calcium and phosphate concentrations are
shown in Figure 10 and Figure 11, respectively. Figure 9, including both the
breakthrough curves for copper and zinc in binary system, clearly showed the
earlier breakthrough of zinc than copper. Finally, the influent conditions (pH,
concentrations of copper and zinc) for all cases were shown in Figure 18 of the
supporting information.
Similar to the batch studies, phosphate and calcium were both detected in the
effluent (Figure 10 and Figure 11). Initially, concentrations in the effluent were
similar to those measured in the batch tests, but decreased substantially with time.
Phosphate released from Apatite IITM was very consistent for tests with and
without sodium azide, although more calcium was dissolved initially in column
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tests with sodium azide present. The high concentration of sodium in systems with
sodium azide may lead to sodium competing with calcium and further results in
higher concentrations of calcium in effluent. The decrease in calcium and
phosphate was accompanied by a simultaneous decrease in the effluent pH,
suggesting a decreased rate of Apatite IITM dissolution.
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Figure 7. Breakthrough of Cu in column tests
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Figure 8. Effluent pH during column experiments
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Figure 10. Effluent calcium concentrations during column studies
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Figure 11. Effluent phosphate concentration during column studies
As shown in Figure 7, Apatite IITM performed well for continuous copper
removal in all three cases. The addition of sodium azide, while preventing
microbial growth, also shortened the time to breakthrough by approximately a third.
The difference of breakthrough between the study with and without sodium azide
is possibly due to biological mediated removal of copper (e.g., uptake and
precipitation) by microorganisms (Boal and Rosenzweig 2009). Along with the
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hypothesized microbial growth, effluent pH was generally higher without the
addition of sodium azide (Figure 8). This may also explain the shift of
breakthrough curve to earlier time since copper is more insoluble at higher pH. For
the systems with sodium azide, the presence of zinc, even at a concentration 4
times higher than copper (400 ppb) did not significantly affect the removal of
copper. This result matches that from the batch studies.
The effluent copper concentrations greater than influent concentrations at about
180 hours are likely to occur because of re-dissolution of previously deposited
precipitates (e.g. metal hydroxide or phosphate) or desorption caused by the
decreasing pH with operation time (Figure 8). As described in section 3.4.2, metals
are more soluble as the pH drops. Moreover, surface complexation, HAP − OH +
Zn2 ⇌ HAP − O − Zn + H , would shift toward the left of the equation as the
concentration of protons increases. In other words, desorption is favorable at low
pH. The re-dissolution and desorption, which release all the previously removed
copper and zinc, become the major disadvantage for stormwater treatment. That is,
the effluent metal concentrations must be well monitored so that the exhausted
media (Apatite IITM) can be replaced with the fresh media before metals start to
release.
SEM-EDS was again used to analyze the composition of the Apatite IITM after
the column tests. Copper removed from solution was present on the Apatite IITM
surface (Figure 12). As expected, calcium and phosphorus were both detected,
although at significantly decreased levels compared to the unused Apatite IITM
Figure 3. This corresponds to results in Figure 10 and Figure 11, and provides
additional evidence for the dissolution of Apatite IITM. The mole fractions of
oxygen, sulfur and sodium were all slightly decreased when compared to unused
Apatite IITM. The elevated carbon content of the used Apatite IITM is most likely
due to the preferential dissolution of the mineral phase, leaving the organic
materials that originally existed within the pore structure. XRD measurements
were also conducted for Apatite IITM after use. However, a distinct copper
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containing phase was not observed, possibly due to its poor crystallinity and low
relative concentration. XRD analysis carried out in the previous work indicated
metal phosphate precipitates (e.g., hopeite, pyromorphite) although the initial
concentrations used were much higher (Oliva et al. 2010).
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Figure 12. (a) SEM image and (b) EDS spectrum after column tests with Cu only
The comparison of breakthrough and removal capacities calculated based on
the results of column and batch tests is shown in
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Table 7. Effective removal capacities in the column tests were calculated based
on the mass of metal accumulated in the column per unit mass of media at
breakthrough. The breakthrough in this study is defined as

𝐶𝑜𝑢𝑡
𝐶𝑖𝑛

0.5. In all cases,

the removal capacities for copper in column tests were higher than those in batch
tests. Several hypotheses are proposed to explain this. First, capacities determined
based on the batch tests may underestimate removal due to the fact that the process
was not allowed to achieve equilibrium (see Figure 13). However, this difference is
on the order of approximately 5% and not enough to completely explain the
differences. An additional factor could be the pH profile within the column. It is
possible that the pH at the inlet portion of the column was significantly higher than
that achieved in the batch tests and contributed to higher removal capacities for
column tests due to more precipitate with higher pH. Finally, differences in the
solid to liquid ratio within the column and the presence of precipitated Cu solids
may have enhanced removal by precipitation.
The removal capacity for zinc estimated from batch studies is higher than
observed in the column studies. Since the zinc isotherm was only available up to
about 100 µg/L, data extrapolated from the zinc isotherm may overestimate the
removal capacity. In other words, the removal of zinc may occur differently at high
concentrations. For more accurate estimation, isotherm studies including
equilibrium concentrations as high as 400 ppb are required. In addition, lower
concentrations of phosphate were available for the formation of hopeite in the
column studies and may also contribute to the lower removal capacities in the
column. In summary, removal capacities in the column experiments were
significantly higher than predictions based on the batch tests for copper, but were
significantly lower than predicted for zinc.

As described in the previous

paragraph, enhanced removal via biological remediation in the system without
sodium azide may explain the higher removal capacities in that test.
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Table 7. Comparison of removal capacities and breakthrough times calculated from
the column and batch studies
Binary
Cu Only
Cu+NaN3
Cu
Zn
qe,effective (from
column studies)
(μg/mg)

2.9

2.6

2.5

4.4

qe,equlibirium
calculated (from
batch studies)
(μg/mg)

1.5

1.5

1.5

8.2

tb,actual (hr)

165

120

120

65

tb,estimated (hr)

56.6

56.6

56.6

82.6

Short duration precipitation tests were also conducted at conditions simulating
those in the continuous columns. pH and the concentrations of phosphate were
selected with respect to certain column operation times (Table 8). Different from
the precipitation tests described above, results indicated that 70-90% of copper
remained soluble, even at the highest pH and phosphate concentration. Modeling
with background (NaHCO3, NaCl and NaN3) and effluent conditions shown in
Table 8 was carried out. The modeling results indicated complete dissolution of
copper under those conditions. Simulation by visual MINTEQ also suggested that
zinc would be completely dissolved under all cases shown in Table 8, with
exception of the highest phosphate concentration and pH. Based on these results,
copper and zinc are predicted to remain dissolved under column conditions and
suggests that removal may be achieved via surface complexation. However, it is
likely that a higher percentage of copper removed by precipitation near the inlet is
possible because the pH profile may vary as the solution moves toward the outlet.
That is, higher pH at the inlet of the column may have promoted precipitation and
pH decreased solution flowed through the column.
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Table 8. Summary of batch precipitation tests for copper in column studies
Operational
Final Cu
PO4 (mg/L)
pH
Time (hr)
(µg/L)
1

0.08

20.47

6.88

69.84

2

7.5

7.51

6.67

80.86

3

90.5

5.07

6.61

86.91

4

181.08

2.74

6.39

88.95

5

277.17

0.98

6.15

89.35

Implications for full scale systems. The purpose of small column tests was to
simulate the performance of metals remediation in full-scale systems. The results
of the RSSCTs suggested approximately 27-37 days to breakthrough for copper in
full-scale columns if column is packed with 10 cm bed and 0.84 mm size of
particles and treated with continuous flow containing 100 µg/L Cu. However,
stormwater flows are highly intermittent. The full-scale system can generally treat
about 1585-2172 m3 of stormwater per m2 of bed when packing conditions and the
superficial velocity are the same as described in Table 2. The location of sites and
amount of rain will affect the calculated amount of stormwater that can be treated
in a given full-scale system. However, these results provide an initial estimate of
the capacity of Apatite IITM for Cu and Zn removal and provide the basis for field
testing.

3.5 Conclusions
In this study, biogenic material, Apatite IITM, was evaluated for the removal of
copper and zinc from synthetic stormwater runoff. The findings from both batch
and column studies indicated that Apatite IITM is capable of removing copper and
zinc at trace levels (µg/L) although re-dissolution and desorption of the removed
metals occurred over time. Based on this study, the removal mechanisms were
suggested to be a combination of precipitation, adsorption and ion exchange.
Copper removal is generally dominated by precipitation; whereas surface
complexation and precipitation both contribute to the removal of zinc.
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The RSSCT from current study simulated a full-scale system and the results
generally provide a basic understanding of the performance of large column (e.g.,
removal capacities) in stormwater treatment. Based on the results of RSSCT, the
predictions of the amount of water that can be treated and the time that media
should be changed can be made. As shown in the results of both batch and column
tests, Apatite IITM releases a large amount of phosphate in the process of removing
both copper and zinc at trace levels (µg/L). Such high concentrations of phosphate
released from Apatite IITM should be considered since phosphate is a nutrient or
fertilizer for algae and can further result in eutrophication when discharged to
rivers. Mixing Apatite IITM with anion exchange resin/materials or media with
cationic surface may ameliorate this problem. As for Apatite IITM being applied in
stormwater treatment, the presence of organic matter and other metals in
stormwater runoff may result in removal capacities different from capacities
obtained from the RSSCT. In other words, organic matter and other metal species
may compete with copper and zinc for the available binding sites so that the
removal capacities for copper and zinc may decrease in actual systems. In addition,
the performance of full-scale column also depends on the amount of rain and sites.
Large amounts of rain and sites with heavy traffic (more metals in runoff) may lead
to earlier breakthrough; that is, shorter operation time. Also, considering that zinc
broke through the column faster than copper, improvement of media (e.g., mixture
of Apatite IITM with other materials which was able to effectively remove zinc) is
preferred so that both metals can be well removed and maximum efficiency of
Apatite IITM can be achieved.
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3.6 Supplementary Information
3.6.1

Kinetic Studies
A preliminary kinetic study was carried out to determine the equilibrium time

for batch experiments. Solutions containing 3mg/L of Cu, 1mM NaCl,0.185mM
NaHCO3 and titrated to pH 6were used in kinetic studies. 100mL of metal solution
was combined with 200 mg of sieved bone in an acid washed 125mL high-density
polyethylene bottle and placed on a tumbler. Samples were filtered through0.45 μm
membrane filters and collected for analysis of cations and anions every hour for the
first 6 hours and approximately three times per day from the second day until the
fifth day.
The effect of reaction time on copper removal by Apatite IITM is shown in
Figure 13. It can be seen that more than 90% of the copper was removed within
approximately 10 hours by Apatite IITM. Copper was removed at a much slower
rate after 10 hours of contact time. Based on the kinetic study, fast equilibrium was
achieved within about 24 hours of contact time; therefore, it was selected for the
adsorption batch studies.
1200.0

Cu Concentration (mg/L)

1000.0
800.0
600.0
400.0
200.0
0.0
0

20

40

60
80
Contact Time (hr)

100

120

Figure 13. Copper removal as a function of contact time (Initial Cu concentration
of 3 mg/L, pH 6, adsorbent dosage of 2 mg/mL)
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3.6.2

Batch Studies with Copper and Sodium Azide
Figure 14 displays copper removal in the presence of sodium azide. Similar to

copper only (without sodium azide), a linear isotherm can be used to describe the
removal of copper
3.5
y = 0.015±0.001x
R² = 0.9922

3

qe (mg/mg)

2.5
2

1.5

Cu Only with NaN3

1
0.5
0
0

50

100

150

200

250

Cu (mg/L)

Figure 14. Copper removal in single-element batch tests with sodium azide (initial
Cu concentration of 0-6400 µg/L, pH 6, adsorbent dosage of 2 mg/mL)
3.6.3

Comparison of Copper and Zinc Removal in Different Systems
The comparison of copper and zinc removal in single and binary systems are

shown in Figure 15 and Figure 16, respectively. The removal isotherm of copper in
single- and dual-element systems can both be described by a linear isotherm. No
significant differences were observed for copper from two cases (statistical
analysis shown in Table 9). Zinc removal can be fitted with Freundlich isotherm
and removal zinc in single-element system was significantly different from binary
system (statistical analysis shown in Figure 17).
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R² = 0.9857
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R² = 0.9622

1.0

Binary
Cu Only

0.5
0.0
0.0
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Figure 15. Comparison of Cu removal in single element (Cu only) and binary
systems (initial Cu concentration of 0-6400 μg/L for single system, 0-1600 μg/L
for binary system, Zn concentration of 0-6400 μg/L, pH 6, adsorbent dosage of 2
mg/mL)
3.5
3

qe (mg/mg)

2.5
y = 0.189x0.626 for Binary

2
1.5

Zn Only

y = 0.082x0.836 for Zn Only
1

ZnBinary

0.5
0
0

20
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80

100

Zn (mg/L)

Figure 16. Comparison of Zn removal in single element (Zn only) and binary
systems (initial Zn concentration of 0-6400 μg/L for both systems, Cu
concentration of 0-1600 μg/L for binary system, pH 6, adsorbent dosage of 2
mg/mL)
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3.6.4

Statistical Analysis for the Comparison of Linear and Non-Linear
Isotherms

The comparison for Freundlich isotherms were on the basis of the methods
provided by Fairey and Wahman (In Press). The Frequentist analyses with a
weighted nonlinear regression were used to compare the zinc only and binary
systems. The weighted squared residuals were applied for a non-uniform
variance in the nonlinear analysis. The Bayesian statistical methods were used
1

to determine the parameters for Freundlich isotherms (K and ). Figure 17
𝑛

shows the mean Freundlich K and

1
𝑛

values for zinc only and binary systems

based on nonlinear regression with the associated 95% joint confidence
regions (JCR). Results indicated that the removal of zinc were significantly
different in two systems.
0.25

0.20

0.15
K

Zinc (Best-Fit)
Zinc (Lower)

0.10

Zinc (Upper)
Zinc + Copper (Best Fit)
0.05

Zinc + Copper (Lower)
Zinc + Copper (Upper)

0.00
0.0

0.2

0.4

0.6
1/n

0.8

1.0

1.2

Figure 17. Statistical analysis for the comparison of non-linear (Freundlich)
isotherms
Table 9 summarizes the statistical analysis for the comparison of the isotherm
parameters for copper adsorption linear regressions. Partitioning coefficients were
determined through linear regression of qe vs. Ce from the batch tests. To examine
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the differences between the three tests, multiple linear regression using with
dummy and interaction variables was performed (α = 0.05).
The model was set up as: Y= b0+b1X+b2G1+b3G2+b4G1_X+b5G2_X+error.
In this model, two dummy variables, G1 and G2, were set up to examine if the
experimental data from Cu only, Cu with NaN3, and binary systems were
significantly different. b0 is the intercept, b1 is the slope (or the coefficient for x),
b2 and b3 are the coefficients which distinguish if the results from three tests were
in the same group or significantly different, and b4 and b5 are the interaction
variables that provide the information regarding how different the slopes are for
three different groups. P-values of intercept and x both smaller than 0.05 indicated
that these two coefficients are significant. P-values of other parameters (G1, G2,
G1_X and G2_X) greater than 0.05 indicate that the coefficients are not significant
enough to affect the slope and intercept. That is, results from three different tests
are not significantly different and the data can generally be expressed as Y=
b0+b1X, where b0= -0.0814 and b1= 0.0149. Here, Y stands for the adsorption
capacities or metal concentrations in solid phase (µg/mg) and X is the metal
concentrations in liquid phase at equilibrium (µg/L).
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Table 9. Summary of statistical report for the comparison of linear regressions using α=0.05.
Regression Statistics
Multiple R
0.996364517
R Square
0.992742251
Adjusted R
Square
0.992030707
Standard Error
0.084622136
Observations
57
ANOVA
df
Regression
Residual
Total

Intercept
x
G1
G2
G1_X
G2_X

5
51
56

SS
49.95428024
0.365206198
50.31948644

Coefficients
-0.08142402
0.014868407
-0.008848999
-0.013840419
0.00076147
-5.49726E-05

Standard
Error
0.027307312
0.000780784
0.042575873
0.042663152
0.000837822
0.000832567

MS
F
9.990856048 1395.194
0.007160906

t Stat
-2.981766142
19.04292727
-0.207840685
-0.324411534
0.90886869
-0.066027829

Significance
F
2.90527E-53

P-value
Lower 95%
Upper 95%
Lower 95.0% Upper 95.0%
0.004386 -0.136245737 -0.026602302 -0.136245737 -0.026602302
7.81E-25 0.013300918 0.016435896 0.013300918 0.016435896
0.836181 -0.09432363 0.076625633 -0.09432363 0.076625633
0.746953 -0.099490271 0.071809434 -0.099490271 0.071809434
0.367695 -0.000920527 0.002443467 -0.000920527 0.002443467
0.947614 -0.00172642 0.001616475 -0.00172642 0.001616475
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Figure 18. pH and average Cu and Zn concentrations at influent for column studies
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3.6.6

Summary of equilibrium modeling and batch results

Table 10. Summary of equilibrium modeling and batch tests with and without Apatite IITM (tenorite included)
Without PO4
With 20 mg/L of PO4
With Apatite IITM
Initial Copper
Final Cu
Final Cu
Final Cu
Final Cu
Concentration
Final Cu (µg/L)
pH
(µg/L)
(µg/L)
pH
(µg/L)
pH
(µg/L)
(µg/L)
(experimental)
(experimental) (Modeling)
(Modeling)
(experimental)
100

7.2

21.74±9.60

47.84

7.3

NAa

61.65

7.3

5.59±1.05

400

6.8

224.81±22.01

134.98

7.3

64.96±9.37

61.87

7.3

23.85±3.53

1600

6.72

590.66±10.06

175.22

7.3

78.69±16.71

62.82

7.3

59.79±11.59

6400

6.68

833.26±32.60

218.56

7.2

83.19±7.52

85.76

7.3

212.97±10.19
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Chapter 4: Conclusions
The major summaries are shown as follows on the basis of the results from
present work.
1. Apatite IITM was able to effectively remove copper and zinc from
synthetic stormwater runoff (>90% removal for all examined
concentrations). Zinc was removed to a greater extent in the batch
experiments.
2. Zinc removal by Apatite IITM was well characterized by a Freundlich
isotherm at final liquid phase concentrations less than approximately 100
µg/L. Copper remediation by Apatite IITM, was well described by a linear
isotherm, indicating a proportional relation between metal concentrations
in liquid phase and solid phase.
3. Both the isotherm and column studies showed that there were no
significant differences for removal of copper with and without the
presence of zinc in solution. Removal of copper was unaffected with the
addition of sodium azide based on the batch studies; however, column
experiments with sodium azide resulted in faster breakthrough, possibly
due to the inhibition of biologically mediated removal mechanisms.
4. The results of rapid small scale column tests (RSSCT) indicated removal
of copper and zinc to below detection limits initially. It was found that
zinc breakthrough earlier than copper.
It can be concluded that efficient removal of both copper and zinc using
Apatite IITM was observed. The removal mechanisms were demonstrated to be a
combination of precipitation, adsorption and ion exchange, although copper was
primarily removed through precipitation and the removal of zinc was mainly
through a combination of precipitation and surface complexation. The finding from
this study provides the general information (e.g., removal capacities) of the
performance for full-scale systems so that it can be estimated when the media is
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exhausted and should be replaced. However, several factors can affect the removal
efficiencies and operation time when it comes to the application to the treatment of
real stormwater runoff. For example, natural organic matter and other metal
species present in stormwater can potentially lower the removal capacities.
Additionally, the amount of rain and the locations of sites can also influence the
performance of large system. Large amounts of rain and sites which locate in urban
areas (meaning higher concentrations of heavy metals in stormwater runoff) may
result in earlier exhaustion of systems. Also, while effectively removing copper
and zinc at trace level, large amount of released phosphate (mg/L) was observed
from this study. Such high concentrations of phosphate discharging to the receiving
waters can bring the issue of eutrophication. Therefore, it is important to deal with
the released phosphate if Apatite IITM is applied in runoff treatment. Last,
re-dissolution and desorption of the previously removed copper and zinc detected
from the current column system indicated that the column system was not
sustainable. This is the main disadvantage of the Apatite IITM column system found
from the current study.
Future works can be categorized as the follows:
1. The RSSCT with the addition of natural organic matter in synthetic
stormwater runoff will be conducted to investigate whether the presence
of organic matter influences the removal of copper and zinc. Natural
organic matter may compete with available adsorption sites, resulting in
decreased removal capacities for copper and zinc.
2. It is virtually certain that Apatite IITM applied as a stand-alone process or
incorporated into existing BMPs will not experience continuous flow. As
a result, intermittent flow applied to the small-scale column tests will be
carried out to simulate the real storms. This analysis will provide some
information about how well Apatite IITM is able to remove metals from
real stormwater. For example, different breakthrough or microbial
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growth may be discovered by applying Apatite IITM with intermittent
flow.
3. As observed in the present study, high concentrations of phosphate were
released from Apatite IITM. Such high amount of phosphate discharging
into the receiving waters could lead to eutrophication and further result
in the depletion of dissolved oxygen in the waters. Thus, it is important
to develop methods for phosphate removal while metals remediation
achieved by Apatite IITM. For instance, mixing Apatite IITM with anion
exchange media may improve this problem.
4. It is also expected that the improvement of media, such as a combination
of Apatite IITM with compost or other adsorbents, can be achieved so that
the removal effectiveness and persistence can be improved.
5. After the RSSCT with various conditions are accomplished and the
full-scale column can be well estimated, pilot-scale tests with Apatite
IITM buried in the highway side or roadside will be conducted. The
pilot-scale systems should be able to provide more explicit information
of how efficient the full-scale system can be.
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