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To encourage sustainable engineering practices, departments of transportation are interested in reusing winter maintenance truck
wash water as part of their brine production and future road application. Traffic-related metals in the wash water, however, could
limit this option. The objective of this work was to conduct a pilot scale evaluation of heavy metal (copper, zinc, iron, and lead)
removal in a filtration unit (maximum flow rate of 45 L/minute) containing proprietary (MAR Systems Sorbster�) media. Three
different trials were conducted and approximately 10,000 L of wash water collected from a winter maintenance facility in Ohio was
treated with the pilot unit. Lab studies were also performed on six wash-water samples frommultiple facilities to assess particle size
removal and estimate settling time as a potential removal mechanism during wash-water storage. Pilot unit total metal removal effi-
ciencies were 79%, 77%, 63%, and 94% for copper, zinc, iron, and lead, respectively. Particle settling calculation estimates for copper
and zinc show that 10 hours in storage can also effectively reduce heavy metal concentrations in winter maintenance wash water in
excess of 70%. These pilot scale results show promise for reducing heavy metal concentrations to an acceptable level for reuse.

1. Introduction

During the winter months of the year, snow events can
interfere significantly with car and truck based transporta-
tion systems. To minimize the effects of these events, the
application of anti-icing, pretreatment, and deicing liquids
alongside snow plowing is practiced. Anti-icing agents such
as calcium acetate, magnesium acetate, and calcium chloride
are occasionally applied to roadways. In Ohio, approximately
$50 million is spent on snow and ice removal annually,
accounting for almost half of the annual operating budget.
An average of 600,000 tons of salt is used to maintain Ohio’s
43,000 lane miles each year [1]. Due to the corrosive nature
of salt, trucks are washed frequently during winter months at
garages across the state. At garages with sanitary sewer access,
truck wash water is disposed of through the sewer system
after treatment by an oil/water separator. Garages without
sewer access must find an alternative method of managing
truck wash water which falls in line with disposal guidelines.
Alternatively, based on the concentrations of suspended
solids, oil and grease, anddissolved solids in truckwashwater,
previous researchers have shown that truck wash water could

be reused for the production of brine after a treatment process
including an oil/water separator and settling tank [2, 3].

However, the main restrictive elements to winter mainte-
nance wash-water reuse as brine are posed by heavy traffic-
related metals that are in violation of EPA set standards
and regulations. The traffic heavy metals of concern were
observed during a study of water quality parameters of wash
water taken during wash cycles at 24 ODOT garages during
the winter of 2012-2013. Of all samples tested, 59%were above
the reuse limitations for total copper and 66% were found to
be above in total zinc [4]. Considering both metal concen-
trations, only 28% of all samples were found to be reusable
according to the Ohio Administrative Code (OAC) aquatic,
agricultural, and wildlife standards based on the characteris-
tic hardness of receiving water bodies. The presence of heavy
metals above threshold potentially creates a toxic environ-
ment, and accumulation over a prolonged period of time can
harm receiving water environment by affecting the health of
the aquatic ecosystem [5]. Many heavymetals, especially lead
and zinc, have been recognized as traffic-related pollutants
[6–8]. Specific sources of heavy metals include tire treads
for which zinc oxide is an activator during the vulcanizing
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process, resulting in a composition of between 0.4% and 4.3%
[9]. Other heavy metals in tire tread include manganese,
iron, cobalt, nickel, copper, zinc, cadmium, and lead [10].
Brake dust has been recognized as a significant pollutant for
copper, antimony, and barium [11]. 47% of the total loading
for copper in urban runoff is also contributed by brake
dust [12]. Additional sources of heavy metals in urban areas
include corrosion of buildings and their fittings, atmospheric
deposition, transport, and other industrial activities [12, 13].
Most heavy metals in urban storm water runoff are attached
to suspended solids [6, 14] with metal concentrations gen-
erally increasing with decreasing particle size [15, 16] due to
the relatively large surface area of fine sediments and higher
exchange capacity [6]. Furthermore, particles smaller than
50𝜇m can be a significant component in runoff, contributing
to as much as three-quarters of the weight of total solids [17].

The treatment of contaminants in wash water can be
achieved using various conventional and emerging methods
including ion exchange, electrolyte or liquid extraction,
precipitation, and reverse osmosis [18]. However, most of
the physiochemical techniques are either economically unfa-
vorable [19] or simply too technically complicated. As an
alternative, other studies investigated the removal of storm
water contaminants through different media such as calcite,
zeolite, iron fillings, and sand through column and batch
experiments [20, 21]. These studies found that no single filter
medium was capable of removing all contaminants.

There are few options for removing heavy metals in wash
water which include the aforementioned physiochemical
techniques. For application at DOT garages, there is a need
for any technology selected to be simple to use, to be cost-
effective, and to require low maintenance, thus negating the
options listed above. Therefore, there is a need for pilot
evaluation of media particular to traffic-related heavy metals
which allows for heavymetal removal fromDOTgaragewash
water. This study investigates the efficiency of MAR Sorbster
media, proprietary media for the removal of heavy traffic-
related metals (copper, zinc, lead, and iron) from winter
maintenancewashwater. Experimentswere conducted on the
MAR Sorbster media testing metal removal efficiency using
wash water from actual maintenance events as well as spiked
wash water synthesized using actual winter maintenance
wash water. The experiments and gradation examinations
allowed insights to be made regarding removal efficiency of
the traffic-related heavy metals in addition to the effects of
particles size distribution of traffic-related heavy metals.

2. Materials and Methods

2.1. Filtration Unit. The filtration unit consisted of two 1,136-
liter vessels in series with a continuous downflow configura-
tion. A pair of 5 𝜇mfilters was installed immediately after the
inlet of the filtration pilot unit but prior to the inlet of the
vessels.These filters were arranged in a parallel configuration
with the water entering the filtration unit split by a splitter so
that it can be treated by either one of the filters. At the outlet of
the vessels, a pair of 1 𝜇mfilters was installed in a parallel con-
figuration as well. The filters help reduce the amount of sus-
pended solids in the wash water entering the filtration pilot

unit as well as in the effluent of treated wash water, improving
the life of the media.The wash water was pushed through the
filtration pilot unit using a model MCS close coupled, end
suction, centrifugal pump with a threaded shaft extension.

2.2. Filter Media. MAR Sorbster media were selected for
this study following a series of batch experiments with
four different media types in which MAR Sorbster had
the most efficient heavy metal removal characteristics [4].
MAR Sorbster is a proprietary medium that removes metal
contaminants from water. It is an enriched alumina medium.
Each vessel was filled with 102 kg of gravel constituting the
bottom layer and 495 kg of MAR Sorbster media as the
overlying layer.Themoisture content of the media was <10%.
The physical properties of the media were obtained from the
manufacturer. The specific gravity was 3-4. The grain size of
theMARSorbstermediawas 0.0048mwhichwas assumed to
be uniform.Thephysical state of themediawas as free flowing
granules. Before use on the wash water, the media were dry
loaded into the pilot unit and then backwashed at a flow
rate of 35–45 L/minute which resulted in a bed expansion of
approximately 15%. Backwashing was done to avoid plugging
of the media by any debris as well as reduce the amount
of total suspended solids in the treated wash water through
particulates in themedia and gravel. In between experimental
runs, themediawere kept in a damp state in order tomaintain
an optimal removal state. The hydraulic time was controlled
through the flow rate. The optimal contact time for heavy
metal removal by theMAR Sorbster media is 30minutes.The
flow rate was adjusted to 38 L/minute such that the contact
time in each vessel was 15 minutes.

2.3. Wash-Water Pilot Testing Procedures. Wash water for all
experimental runs was collected from the oil/water separator
at the Stark County garage in Canton, Ohio, and pumped
directly from the swap truck using a sump pump into the
filtration unit. To observe the variability and characteristics
of the washwater, a 3-hour wash cycle study was conducted at
the Stark County garage oil/water separator in Canton, Ohio.
During this 3-hour study, samples were collected every 15
minutes at a consistent depth below the oil layer. Each sample
was placed in 0.5 L high density polyethylene bottle; 125mL
of the sample was preserved with (1 + 1) reagent grade nitric
acid at pH < 2. The rest of the sample was left unpreserved.
During this study, particles below 5 𝜇m in diameter were
assumed to be in the dissolved state. The individual average
values of the nonmetal parameters for the wash water were
measured using a minimum of 9 samples from different time
intervals. Three experimental runs were conducted on the
MAR Sorbster media. Stark 1, the first trial, was a 3,255 L
run of wash water. Stark 2, the second trial, was a 2,650 L
run of wash water spiked with 1.92 grams of CuSO

4
⋅5H
2
O,

2.03 grams of ZnO, and 3.99 grams of PbCO
3
. Stark 3, the

third trial, was a 4,164 L run of wash water spiked with 1.82
grams of CuSO

4
⋅5H
2
O, 3.35 grams of ZnO, and 3.98 grams

of PbCO
3
. Stark 2 and Stark 3 were spiked in order to elevate

the concentration of dissolved target metals in the untreated
wash water to assess the removal capabilities of the media
with higher concentrations of dissolved metals.
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During each experimental run, samples were taken at
the following locations on the pilot unit: influent (𝐶

𝑜
), after

the 5 𝜇m filters, after the first filtration unit vessel, after the
second filtration unit vessel, and after the 1 𝜇m filters (𝐶

𝑒
).

For Stark 2 and Stark 3, the 1 𝜇m filters were removed which
effectively made the effluent the same as the location after
the second pilot unit vessel. Samples were collected every 15
minutes, characteristic of the water-to-media contact time
for a single filtration unit vessel. Each sample was placed in
0.5 L high density polyethylene bottle; 125mL of the sample
was preserved with (1 + 1) reagent grade nitric acid at pH
< 2. The difference between the influent and the effluent
concentrations was used to calculate the percent removal by
the media. The equation is listed below:

heavy metal removal (%) =
(𝐶
𝑜
− 𝐶
𝑒
)

𝐶
𝑜

× 100, (1)

where heavy metal removal signifies the amount of heavy
metals removed from the wash water by the MAR Sorbster
media. 𝐶

𝑒
is the average concentration of the effluent and 𝐶

𝑜

is the average concentration of the influent.
In order to assess the proportion of the particles greater

than 4 𝜇m contributing to the total metal concentration,
a Whatman filter paper procedure was used. Five ODOT
county garages, namely, Allen, Stark, Fairfield, Guernsey, and
Cuyahoga county garages, were selected for sampling using
the same samples that were initially collected for the wash-
water analysis. These garages were selected because they
represented garages at which the metals of concern exceeded
reuse limits consistently during the previous study in the 24
ODOT garages which was conducted in the winter of 2012-
2013 [4]. Three size fractions were selected, <4 𝜇m, 4 𝜇m <
size < 5 𝜇m, and >5 𝜇m. The wash-water samples from the
six garages were separated into three size fractions using
4 𝜇m and 5 𝜇m filter paper. Each sample was placed in 0.5 L
high density polyethylene bottle; 125mL of the sample was
preserved with (1+1) reagent grade nitric acid at pH < 2.This
procedure analyzed the dissolved metal concentration, the
total metal concentration, and concentration between 4𝜇m
and 5 𝜇m. The fractions of each size fraction’s contribution
to the total metal concentration were used to assess settling
as a viable option to total metal concentration reduction in
ODOT winter maintenance wash water.

2.4. Settling Calculations. Settling could be a crucial mech-
anism in heavy metal removal. Settling rates are dependent
on several different variables. The primary variables are the
physical properties of both the settling particle and the fluid
in which the particle is settling. The behavior of the fluid is
related to two intrinsic properties of the fluid: density and
viscosity. The density of a fluid is its mass per unit volume.
The density of a fluid is affected by changes in temperature
and pressure. The viscosity of a fluid is the measure of
the internal resistance. The viscosity of Newtonian fluids is
affected by temperature, pressure, and, in the case of solutions
and mixtures, composition. For the case of this study, it will
be assumed that pressure will remain constant at atmospheric
pressure.The composition of winter maintenance wash water

varies greatly based on the characteristics of the roadways
being maintained. Of the variances, salinity would have the
greatest effect on the settling times of particles.

Settling calculations were conducted for various sized
particles of the metals copper, zinc, lead, and iron. Equation
(2), Stokes law, was used to calculate the settling velocity for
the above stated metals. Stokes equation is listed below:

𝑉
𝑠
=
𝑔𝑑
2
(𝜌
𝑝
− 𝜌
𝑚
)

18𝜇
, (2)

where 𝑉
𝑠
is the settling velocity, 𝑔 is the acceleration due

to gravity, 𝑑 is the diameter of particle, 𝜌
𝑝
is the den-

sity of particle, 𝜌
𝑚

is the density of medium, and 𝜇 is
the dynamic viscosity. The acceleration due to gravity was
assumed to be 9.81m/s2, and the diameter of the particles
ranged from 1 𝜇m to 5 𝜇m in 1 𝜇m increments. The density of
copper was 8,960 kg/m3, of zinc was 7,140 kg/m3, of lead was
11,340 kg/m3, and of ironwas 7,874 kg/m3; the density ofwater
was 1000 kg/m3. It was assumed that since the settling tank
would be housed indoors but without any climate control, the
temperature during the settling process would be 4.4∘C.

The viscosity of liquids decreases with increasing temper-
ature. The relationship between temperature and viscosity is
expressed as an Arrhenius equation as follows:

𝜇 = 𝜇
𝑜

𝐸
𝜇

𝑒𝑅𝑇
, (3)

where 𝜇
𝑜
is the viscosity at a reference temperature (4.4∘C),

𝐸
𝜇
is the temperature coefficient for viscosity, 𝑅 is the gas

constant, and 𝑇 is the temperature in Kelvin. Therefore, the
dynamic viscosity was 0.001519 kg/m-s at the specified tem-
perature of 4.4∘C. The viscosity of wash water based on the
above equation ranged from 0.00091 kg/m-s to 0.00179 kg/m-
s as the temperature was varied from 0∘C to 21.1∘C. The
density of water also varied as the temperature changed from
0∘C to 21.1∘C with values ranging between 998 kg/m3 and
1,000 kg/m3.

2.5. Analytical Methods. The heavy metals selected for wash-
water analysis were aluminum (Al), arsenic (As), boron
(B), beryllium (Be), cadmium (Cd), cobalt (Co), chromium
(Cr), copper (Cu), iron (Fe), lithium (Li), manganese (Mn),
molybdenum (Mo), nickel (Ni), lead (Pb), selenium (Se),
vanadium (V), and zinc (Zn). Each sample was placed in
1 L high density polyethylene bottle; 125mL of the sample
was preserved with (1 + 1) reagent grade nitric acid at pH
< 2. The rest of the sample was left unpreserved. 25mL of
the sample was preserved with (1 + 1) reagent grade nitric
acid at pH < 2 and then filtered with a 5 𝜇m filter. The
preserved samples were digested according to EPA 200.7 and
analyzed by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) that used an Agilent 720/730 series
spectrometer. ICP-OES can be used to determine dissolved
analytes in aqueous samples after suitable filtration and
acid preservation. For the determination of total recoverable
analytes in aqueous and solid samples, digestion/extraction
is required prior to analysis. The traffic metals were analyzed
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for their total concentration as well for the dissolved metal
concentrations. The calibration, detection limits, and linear
ranges were determined according to EPA 200.7. Dissolved
analytes were filtered with a 0.45 𝜇m filter before analysis
through ICP-OES. Unpreserved samples were analyzed for
the following: conductivity (HACH CO150 Conductivity
Meter), pH (Fisher Scientific AB15 pH Meter), and total
dissolved solids (Shimadzu TOC-5000A TOC Analyzer).

3. Results and Discussion

3.1. Pilot Unit Heavy Metal Removal. This section charac-
terizes the attributes of the wash water from Stark County
garage, which was the location that all the wash water was
collected from throughout the duration of the study. In order
to characterize the wash water, a 3-hour wash study was
performed at the Stark County garage. In characterizing the
wash water, the traffic metals of concern in this study were
highlighted. Analysis of any observable trends in heavymetal
concentrations during the 3-hour sampling duration was
made and any probable causes were discussed. Finally, in the
characterization, the nonmetal attributes of the wash water
were quantified.The heavy metal removal efficiency from the
wash water by the pilot unit was then analyzed. This was
accomplished through analyzing the removal mechanisms in
two distinct stages. The first stage of the analysis was the
physical removal of any particulate species greater than the
5 𝜇m size.The second stage of the analysis was the removal of
any species less than 5 𝜇m in size including not only metals
in the dissolved phase but also metals in the particulate
form less than 5𝜇m in size. Although three experimental
trials were run on the filtration unit, trial Stark 1 was not
studied extensively because the dissolved constituent (below
5 𝜇m) of the heavy metal concentrations of the wash water
was frequently below the detection limit. The percentage of
copper samples below the detection limit was 83% with the
percentage of lead samples below the detection limit at 35%.
This meant that observations of any significant changes in
dissolved heavy metal concentrations through treatment by
the MAR Sorbster media could not be made. Trials Stark 2
and Stark 3 had a measurable dissolved metal concentration
range that allowed for observations of trends through the
different filtration unit locations, although monitoring was
carried out only for two of the heavy metals, zinc and iron.

3.2. Wash-Water Characteristics. Table 1 represents the total
metal concentrations during the 3-hour study with the traffic
heavymetals of concern highlighted for ease of identification.
The traffic heavy metals of concern were observed during
a study of water quality parameters of wash water taken
during wash cycles at 24 ODOT garages during the winter
of 2012-2013. Of all samples tested, 59% were above the reuse
limitations for total copper and 66% were found to be above
in total zinc [4]. Considering bothmetal concentrations, only
28% of all samples were found to be reusable according to
the Ohio Administrative Code (OAC) aquatic, agricultural,
and wildlife standards based on the characteristic hardness
of receiving water bodies. The variability of the metals in
Table 1 was observed, which can be accounted for by several
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Figure 1: Total metal removal due to the 5𝜇m filter located
directly after the inlet of the filtration unit. Removal percentage was
calculated based on the average concentration after the 5 𝜇m filter
across all time periods. Refer to Table 2.

factors based on the conditions of the wash including varying
hose pressure during the wash as well as any initial flushes
towards the beginning of the wash. Another possible cause
for the variation in metal concentrations during the 3-hour
study could be attributed to inconsistent depths at which the
samples were collected. The nonmetal parameters were also
characterized with the characteristic pH of the wash water
between 6.5 and 7. The conductivity of the wash water was
on average 73.9mS/cm. The turbidity of the wash water was
on average 42,788 NTU.

3.3. Filtration Unit Heavy Metals Removal by Filters. A
portion of the total metal removal is attributed to the 5𝜇m
filters only which are located immediately after the inlet of
the pilot unit and directly before the vessels containing the
MAR Sorbster media. Figure 1 summarizes the removal of
each metal for each of the three Stark County filtration unit
runs by these initial 5 𝜇m filters. The average metal removal
of total copper, zinc, iron, and lead by just the 5𝜇m filter is
57%, 27%, 8%, and 57%, respectively, across all 3 experimental
runs. Removal percentages were calculated based on the
initial concentrations of the influent wash water which are
given in Table 2 and the average metal concentrations after
the 5 𝜇m filter across all time periods; that is, the metal
concentration of every sample taken throughout the duration
of each filtration run at the location after the 5𝜇m filter was
averaged to attain the removal percentage.

When total metal concentrations are evaluated, a clear
and consistent pattern is observed for the three pilot unit
runs from the Stark County garage. Figures 1 and 2 display
the cumulative removal of copper and zinc as the wash water
passes through each stage in the pilot unit. The removal per-
centage for each location was calculated based on the average
concentration across all time periods tested at that location.
A similar pattern is found for iron and lead. After treatment
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Table 2: Initial total metal concentrations for experimental runs
Stark 1, Stark 2, and Stark 3 measured at the inlet of the filtration
unit. All samples below the detection limit were given the value of
half the detection limit. Only the traffic metals that are of concern
regarding the violation of reuse and disposal guidelines are listed.
All units are 𝜇g/L (ppb).

Heavy metal species Experimental run
Stark 1 Stark 2 Stark 3

Copper 197 277 236
Iron 8033 2667 2684
Lead 23 747 364
Zinc 564 827 690
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Figure 2: Percent removal of total metals by MAR media on all
metals less than 5𝜇m in diameter, that is, the percent removal
of total metals in the vessels of the filtration unit by the MAR
media. Removal percentage was calculated based on the average
concentration after vessel 2 for all time periods and the average
concentration after the 5𝜇m filter for all time periods.

with the pilot unit, the average total copper removal for
all three experiments was 79%. For total zinc, the average
removal is 77%. For total iron, the average removal is 63%.
For total lead, the average removal is 94%. For the influent
concentration, an initial sample was taken at the beginning of
each trial and used throughout the trial; therefore, there was
no resampling of the influent concentration at the different
time periods. This was done in order to maintain a baseline
with which to analyze heavy metal removal across the time
periods and locations.

Analyzing Figure 1 which illustrates the heavy metal
removal percentages by the 5 𝜇m filter located immediately
after the inlet of the filtration unit and directly before the
media vessels, there is relatively high heavy metal removal by
the 5 𝜇m filters. What can also be observed as well is that,
for the metals of concern, copper and zinc, a significantly
higher average percentage, 57%, of copper was removed by
the 5 𝜇mfilters as compared to 27% removal of zinc.Thismay
be indicative of the notion that higher toxicity of copper is in

After vessel 2
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Figure 3: Cumulative removal of total copper at each stage of the
Stark County garage trials.The removal percentage for each location
was calculated based on the average concentration across all time
periods tested at that location. The second and third trials did not
have the optional 1 𝜇mfilter attached at the end of the unit.The error
bars are indicative of the standard error.

the particulate form, whereas zinc toxicity is predominantly
characterized by particles less than 5 𝜇m in size.

3.4. Filtration Unit Heavy Metals Removal by MAR Media.
After the 5𝜇m filter, the reduction in the metal concentra-
tions is attributed solely to MAR Systems Sorbster media.
As exhibited in Figure 2, the media within vessels 1 and 2
remove between 30% and 94% of metal particles less than
5 𝜇m depending on the experimental run and the type of
metal. For copper, average metal removal of 46% is found for
particles less than 5 𝜇m. For zinc, the removal percentage is
even better at 68%. For iron and lead, the removal percentages
are 59% and 79%, respectively. Removal percentages were
calculated based on the average concentration after vessel 2
for all time periods and the average concentration after the
5 𝜇m filter for all time periods.

For trial Stark 2, the concentration of dissolved zinc was
reduced from an initial concentration of 88 𝜇g/L to 15 𝜇g/L.
For trial Stark 3, the trend was similar as the dissolved zinc
concentration was reduced from 78𝜇g/L to 6 𝜇g/L. For trial
Stark 2, the dissolved iron concentration increased from
110 𝜇g/L to 288𝜇g/L. For trial Stark 3, the dissolved iron con-
centration increased from 148𝜇g/L to 235 𝜇g/L. The increase
of the dissolved iron could be attributed to the makeup
of the MAR Sorbster media. Sorbster media however are
effective in dissolved zinc removal. Analyzing Figure 2, the
metal removal by the Sorbstermedia is greater for zinc at 68%
than it is for the other metal of concern, copper, at 46%. This
solidifies what is shown in Figure 1 that the dominant con-
stituent form of zinc contributing to its toxicity is dissolved
and particulate below the 5 𝜇m size fraction whereas copper
is found in greater concentrations in the particulate (greater
than 5 𝜇m) size fraction. Figures 3 and 4 can further illustrate
removal trends by isolating each of the metals of concern and
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Table 3: Percent total metal removal by a 4𝜇m and 5𝜇m filter for each of the six wash-water samples.

County garage Copper Zinc Iron Lead
>5𝜇m >4𝜇m >5 𝜇m >4 𝜇m >5𝜇m >4 𝜇m >5 𝜇m >4 𝜇m

Allen 98 99 82 86 94 95 96 98
Stark 1 98 98 93 95 99 100 96 95
Stark 2 82 73 72 84 98 99 93 64
Fairfield 40 46 25 28 87 96 93 87
Guernsey 99 99 81 82 99 99 99 99
Cuyahoga 72 73 9 10 44 43 11 17
See (2).
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Figure 4: Cumulative removal of total zinc at each stage of the Stark
County garage trials. The removal percentage for each location was
calculated based on the average concentration across all timeperiods
tested at that location. The second and third trials did not have the
optional 1 𝜇mfilter attached at the end of the unit.The error bars are
indicative of the standard error.

assessing the metal removal rate at each stage of the filtration
unit. Analyzing copper in Figure 3, for each of the experimen-
tal trials, there was initial physical metal removal by the 5𝜇m
filters on the filtration unit.There was a continued increase in
the cumulative removal rate of copper from the wash water
through vessel 1 which contained the Sorbster media, which
indicated that both physical removal of particulates below the
5 𝜇m size and adsorption of dissolved copper by the Sorbster
media were the mechanisms of removal. After vessel 1, the
cumulative copper removal did not continue to increase but
it statistically did not change from vessel 1 to vessel 2.

This, as observed earlier, indicates that, of the two forms
in which copper was found in the wash water, the particulate
(greater than 5 𝜇m) form contributes more to the toxicity
of copper in wash water. In contrast, analyzing Figure 4
particularly trials Stark 1 and Stark 2, although there was
removal of zinc by the 5 𝜇m filters, the majority of the
removal was observed after the wash water was treated in
vessel 1 with an average increase in the cumulative removal
in excess of 50%. There was a continued increase in the
cumulative removal through vessel 2 as well.This showed that
the Sorbster media were the primary mode of removal for

zinc, further indicating that the zinc in the wash water was
most toxic in particle sizes below the 5 𝜇m size.

3.5. Particle Settling Heavy Metal Removal Evaluation. The
result of effect of the size of particles on heavy metal
toxicity was then further explored through a size gradation
experiment. Wash water for the size gradation experiment
was collected from five garages distributed across the state of
Ohio. The selection criteria for each garage were dependent
on whether the traffic metals of concern in this study
exceeded reuse limits at that particular garage. If a garage
exceeded the reuse limits, it becomes a candidate for selection
for the gradation experiment which graded the wash water in
three distinct size gradations. After this, results of the analysis
of settling times for the particle sizes with significant contri-
butions towards heavy metal toxicity are discussed. Settling
depths typical of settling basin depths at Ohio Department
of Transport garages were used in the analysis and varying
temperature ranges were used to mimic different garage
conditions and settings. Finally, any beneficial applications
and implementation methods are discussed.

This section analyzes the results of the particle size eval-
uation procedure that was conducted. Table 3 summarizes
the percentage total metal removal by the 4 𝜇m and 5 𝜇m
Whatman filter paper particle size evaluation procedure. For
copper, the average removal by the 4 𝜇m filter was 81% while
that of the 5𝜇m filter was 82%. For zinc, the average removal
by the 4 𝜇m filter was 64% while that of the 5 𝜇m filter was
60%. For iron, the average removal by the 4𝜇mfilter was 89%
while that of the 5 𝜇m filter was 87%. For lead, the average
removal by the 4𝜇mfilterwas 76%while that of the 5𝜇mfilter
was 76%. This indicates that there is a significant portion of
the total metal concentration that is present in the particulate
form greater than 4𝜇m. Looking at the 5𝜇m and 4 𝜇m sizes
overall average total metal removal also indicates that there
is not much difference in total metal removal between the
two size fractions. Again, it can be observed that for the two
metals of concern copper is more predominantly toxic in the
particle size range greater than the 5𝜇m size. Although the
reduction in zinc toxicity was reduced by 60%, there is still a
significant metal concentration of zinc in the dissolved phase
and particulate form below the 5𝜇m size fraction. Using this,
alongwith the clogging of filters due to particulatemetals, the
merit of allowing the wash water to settle in order to allow
for removal of colloidal metals became a viable and efficient
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Table 4: Summarization of settling times for the significant particle
sizes of copper and zinc for depths most similar to settling tanks
located at ODOT garages (2m-3m). Times are computed using
Stokes law and the dynamic viscosity of water is assumed to be
0.001519 kg/m-s (4.4∘C). Settling times are in hours.

Metal 5𝜇m 3 𝜇m
2m 3m 2m 3m

Copper 7.8 11.7 21.6 32.4
Zinc 10.1 15.1 28.0 42.0

option to reduce total metal concentrations worthy of further
study.

Settling calculations were conducted at depths ranging
from 0 meters to depths of 3 meters with major emphasis put
on the depth ranges of 2 meters-3 meters which is charac-
teristic of ODOT settling basins and tanks. The significance
of this is that at this depth ODOT garages capacity to work
on a day-to-day basis would not be jeopardized by overfilling
or overflow due to multiple wash events before any existing
wash water is allowed to settle.The summary of the settling of
copper is shown in Table 4. The size fractions analyzed were
1 𝜇m–5𝜇m. The settling times for 1 𝜇m size fraction ranged
from97.3 hours to 486.3 hourswith the depth increasing from
1m to 5m, whereas the settling times for the 5𝜇m size ranged
from 3.9 hours to 19.5 hours with the depth increasing from
1m to 5m. The settling times were varied by depth. For the
1 𝜇m size fraction of zinc, the settling times ranged from 126.1
hours to 630.5 hours as the depth increased from 1m to 5m.
For the 5 𝜇m size fraction of zinc, the settling times ranged
from 5.0 hours to 25.2 hours as the depth increased from 1m
to 5m. The 1 𝜇m size fraction of lead had settling times that
varied from 74.9 hours to 374.4 hours as the depth increased
from 1m to 5m; the 5 𝜇m size fraction of lead varied from 3.0
hours to 15.0 hours as the depth increased from 1m to 5m.
The 1 𝜇m size fraction of iron had settling times that varied
from 112.6 hours to 563.1 hours as the depth increased from
1m to 5m; the 5 𝜇msize fraction of iron varied from4.5 hours
to 22.5 hours as the depth increased from 1m to 5m. Table 4
shows the settling times for copper and zinc for depths of
2m and 3m for the size fractions 3 𝜇m and 5 𝜇m. Figure 5
illustrates the settling time for the zinc particle at a fixed
temperature of 4.4∘C which is typical of a housed settling
basin during the winter months at ODOT garages. Zinc was
chosen because it is themetal with the smallest density among
the metals of concern; therefore, all the other metals would
take a shorter time frame to settle than zinc, thus making the
overall critical settling time depend more on the critical zinc
settling times.

Figure 6 shows the settling times for copper, iron, and
lead at the same temperature of 4.4∘C at depths ranging from
0m to 3m. The temperature of the water has a great effect
on the settling time as well. In order to grasp what the effect
was, the settling times based on temperatures ranging from
0∘C to 21.1∘C were plotted against depths ranging from 0m
to 3m. This temperature range was chosen as it represented
the different extreme conditions that a settling basin would
be subjected to if it were located indoors or outdoors during
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Figure 5: Settling times for zinc particles based on Stokes law.
The assumed dynamic viscosity of water for the equation is
0.001519 kg/m-s (4.4∘C). The settling times vary by depth with the
different size fraction.
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Figure 6: Settling time for copper, iron, and lead particles based on
Stokes law.The assumed dynamic viscosity of water for the equation
is 0.001519 kg/m-s (4.4∘C).The settling times vary by depth, size, and
material.

the winter months when winter maintenance was conducted.
This is illustrated by both Figure 7 and Table 5. Both show
that, for instance, keeping the depth fixed at 2m and a
temperature of 0∘C and a temperature of 5∘C, the resultant
settling time difference was 2 hours.These subtle changes can
help improve treatment times of wash water through settling
by finding an optimal temperature at which to allow the wash
water to settle.

3.6. Application and Implementation. Owing to the variability
in the heavy metal constituents of the winter maintenance
wash water used throughout the duration of this study,
recommendations for a single treatment train for winter
maintenance wash water cannot be made with any con-
fidence. It has been shown that the form (particulate or
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Figure 7: Settling times for zinc particles based on Stokes law. The
assumed dynamic viscosity of water for the equation is determined
based on the temperature of the water.The settling times vary by the
different water temperatures and the depth to which particles are
settling.

Table 5: Settling times in hours for zinc particles based on Stokes
law. The assumed dynamic viscosity of water for the Stokes law
equation is determined by the temperature of the water.The particle
settling times vary based on water temperature and the depth to
which the particles are settling.

Depth (m) Temperature (∘C)
0 5 10 16 21

1 6 5 4 4 3
2 12 10 9 8 6
3 18 15 13 11 9

dissolved) or particle size range in which the heavy metal is
most toxic would allow a choice of either media filtration or
settling. By retrofitting an ODOT garage with both settling
tanks and a filtrations unit, the majority of the particulate
metals can be removed through allowing the wash water to
sit for a prescribed period of time, before running the wash
water through the filtration system to remove any remaining
particulates and the majority of the dissolved constituent as
well. The study has shown that MAR Sorbster media are
effective in reducing heavy metals concentration in wash
water. The study also showed that, allowing the wash water
to settle for a prescribed amount of time at an optimal
temperature, the majority of the particulate constituent of
heavy metals can be eliminated and, for heavy metal species
that are more toxic in larger particle size ranges, this can be
a viable treatment option if used in isolation. Understanding
the nature of the wash water allows for a more appropriate
treatment regime to be applied.

4. Conclusions

The study assessed the heavy trafficmetal reduction in winter
maintenance wash water by MAR Sorbster media as well as

the impact of particle size on heavy metal concentration. A
pilot unit filled with the media was used to run a series of
continuous flow experiments to assess heavy metal removal
on winter maintenance wash water. The wash water was
taken from ODOT’s Stark County garage in Northeast Ohio.
The total and dissolved metal concentrations were assessed.
The metals assessed were copper, zinc, lead, and iron. The
effect of particle size on heavy metal toxicity was analyzed
and theoretical settling calculations using Stokes law were
applied to assess viable heavy metal removal mechanisms.
The following conclusions can be drawn:

(i) Particulate metal concentrations are typically higher
than dissolved metal concentrations for the traffic
metals.

(ii) The pilot unit removal efficiency for copper and zinc
removal in the wash water exceeded 70% of the
influent concentration.

(iii) The 5 𝜇m filters removal efficiency for copper
exceeded 25%, for zinc exceeded 10%, and for lead
exceeded 30%.

(iv) For all the trials, MAR Sorbster media average
removal efficiency for copper exceeded 30%, for zinc
exceeded 55%, for lead exceeded 50%, and for iron
exceeded 60% for particles <5 𝜇m.

(v) Of the two heavymetals of concern, copperwas found
predominantly more in the particulate form, and this
contributed a greater percentage of the overall toxicity
of copper. Zinc alternatively was found to be in the
dissolved phase and particulates below the 5𝜇m size
range.

(vi) Allowing the wash water to settle for aminimumof 10
hours would allow removal of particulates larger than
5 𝜇m resulting in heavy metals removal rates exceed-
ing 70%. In addition, adjusting the temperature to
an optimal temperature can reduce settling times in
excess of a few hours based on settling depths.

(vii) Overall MAR Sorbster media are an effective option
to remove heavy metals in winter maintenance wash
water, particularly zinc whose cumulative removal
increased in excess of 50% by the end of treatment by
just a single filtration media vessel.

(viii) Alternatively, allowing the wash water to settle results
in a significant reduction in heavy metal concentra-
tion in winter maintenance wash water which was
equal to or close to the filtration pilot heavy metal
reduction.
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