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Background/Objective: Urban stormwater runoff delivers dissolved copper (Cu) and zinc (Zn) into receiving waterways at
concentrations that frequently exceed EPA freshwater aquatic life criteria of 9 µg/L for Cu and 120 µg/L for Zn. Most published
biochar adsorption studies use distilled water as the test matrix, likely overestimating removal efficiency where competing ions
and organic matter are present. This pilot study tested whether Wakefield Premium wood-based biochar could remove dissolved
Cu and Zn from simulated stormwater using Schuylkill River sediment leachate as the water matrix.
Methods: A 2×2 factorial design tested two doses (0.5 g and 1.5 g per 250 mL) and two contact times (15 and 60 minutes)
in duplicate (n = 2 per group). Dissolved metals were analyzed by ICP-OES following EPA Method 200.7 at an external
NELAP-accredited laboratory (MJ Reider Associates, PA DEP #06-00003).
Results: Cu removal ranged from 17.0% to 55.3% and Zn removal from 29.1% to 65.7% across the four treatment conditions,
with the highest removal observed in the high-dose, long-contact group (H-60). Solution pH increased by 0.3 to 1.5 units
in treated samples. Both surface adsorption and precipitation are plausible removal mechanisms; the available data cannot
distinguish between them, particularly in the H-60 group where one replicate reached pH 7.03.
Conclusions: Removal was lower than distilled-water studies report, consistent with the competing-ion hypothesis, but leachate
characterization and a parallel clean-water comparator would be needed to confirm it. As a pilot study with n = 2, these results
are descriptive and do not support statistical inference. Future work should characterize leachate ionic composition, employ
replicated designs (n ≥ 3) with no-biochar controls at each contact time, and evaluate performance under continuous-flow
conditions.
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Introduction

Every time it rains on a developed landscape, water picks up
whatever has accumulated on roads, parking lots, and rooftops
since the last storm and carries it, untreated, into the nearest
stream or river.

Copper (Cu) and zinc (Zn) are among the most persis-
tent contaminants in that runoff. Davis et al.1 estimated that
vehicle-related sources account for approximately 48% of Cu
in urban stormwater, with brake pad wear as the dominant
contributor. Councell et al.2 estimated that tire tread releases
10,000–11,000 metric tons of Zn per year across the United
States. The U.S. EPA has established freshwater aquatic life
criteria of 9 micrograms per liter for Cu and 120 micrograms
per liter for Zn,3 and stormwater from developed areas reg-
ularly approaches or exceeds these thresholds. Smullen et
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al.4 compiled 20 years of nationwide urban stormwater quality
data confirming that Cu and Zn are among the most frequently
detected metals in urban runoff, and Pitt et al.5 reported me-
dian dissolved Zn concentrations of 112 µg/L in industrial
stormwater nationally. These aquatic life criteria are far more
stringent than drinking water standards (Cu: 1,300 µg/L; Zn:
5,000 µg/L secondary standard),6 reflecting the greater sensi-
tivity of aquatic organisms that absorb metals directly across
gill and skin surfaces. For the Schuylkill River, this is not a
hypothetical concern. USGS monitoring at Station 01474500
has recorded filtered Zn as high as 970 micrograms per liter7 –
just over eight times the aquatic life criterion – and filtered Cu
up to 30 micrograms per liter. These peak values, recorded in
December 1981, represent the maximum in the only long-term
filtered metal record for this station. The Schuylkill drains
1,893 square miles of southeastern Pennsylvania before reach-
ing Philadelphia, where it serves as a drinking water source for
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more than one million people.

Biochar has received growing attention as a low-cost ad-
sorbent for heavy metal removal from water.8–10 It is pro-
duced by the pyrolysis of organic feedstocks under limited
oxygen conditions and has a high surface area, porous struc-
ture, and surface functional groups that can bind metal cations
from solution. Inyang et al.8 reviewed the mechanisms by
which biochar removes heavy metals, identifying complexa-
tion, physical sorption, precipitation, and electrostatic interac-
tions as the primary pathways, with removal efficiency vary-
ing by feedstock, pH, and solution chemistry. Li et al.11 fur-
ther detailed how biochar characteristics and modifications in-
fluence the relative contribution of these mechanisms, noting
that the dominant mechanism varies by metal species, biochar
type, and solution conditions. Mohan et al.9 characterized
biochar as a renewable, low-cost, and sustainable adsorbent
for contaminant removal from water, and Shakoor et al.12 re-
viewed its potential as an alternative to activated carbon and
inorganic sorbents for heavy metal separation from water.

A consistent limitation runs through the existing litera-
ture: most biochar adsorption studies use clean distilled wa-
ter spiked with individual metal salts as the test matrix. Real
stormwater contains competing ions such as Ca2+, Mg2+,
Na+, and K+, as well as dissolved organic matter and sus-
pended particles that can occupy adsorption sites or reduce
removal efficiency. Park et al.13 demonstrated that in compet-
itive multi-metal systems, adsorption capacities decrease sub-
stantially: Zn capacity on sesame straw biochar dropped from
34 mg/g in single-metal solution to 7 mg/g in multi-metal so-
lution, a 79% reduction. Kolodynska et al.14 characterized the
adsorption kinetics and capacity of biochar derived from ani-
mal manure for Cu, Zn, Cd, and Pb, and observed competitive
effects among these metals in quaternary systems. Reddy et
al.15 compared four filter materials for heavy metal removal
from synthetic stormwater, demonstrating that material selec-
tion substantially influences removal. However, most pub-
lished studies continue to use simplified matrices. Qiu et al.10

and Phiri et al.16 noted this gap explicitly, calling for more re-
search in realistic water conditions. A product evaluated only
in clean water has not been evaluated for stormwater.

This pilot study tests whether Wakefield Premium Biochar,
a commercially available wood-based product, can remove
dissolved Cu and Zn from simulated urban stormwater us-
ing Schuylkill River sediment leachate as the water matrix.
Two biochar doses (0.5 g and 1.5 g per 250 mL) and two con-
tact times (15 and 60 minutes) are compared in a 2×2 fac-
torial design, with dissolved metal concentrations measured
by ICP-OES following EPA Method 200.7.17 Because the
leachate matrix introduces competing ions absent from clean-
water studies, removal efficiencies are expected to be lower
than those reported in the existing literature.

Materials and Methods

Experimental Design

This pilot study used a 2×2 factorial design to evaluate the
removal of dissolved Cu and Zn from a simulated urban
stormwater matrix at two biochar doses and two contact times.
Two dose levels were tested: 0.5 g and 1.5 g of Wakefield
Premium Biochar per 250 mL of solution (equivalent to 2
g/L and 6 g/L), selected to span a practically relevant range
within the range commonly reported in batch adsorption stud-
ies, with a 3× difference chosen to produce a detectable dose-
response signal within the constraints of a pilot design. Two
contact times were tested: 15 minutes and 60 minutes. All
four treatment combinations were run in duplicate. A single
spiked no-biochar control (C-1) and a single unspiked leachate
blank (LB-1) were also prepared. C-1 served as the baseline
against which all percent removal was calculated; LB-1 con-
firmed that the leachate matrix itself did not contribute de-
tectable background Cu or Zn. Ten samples total were sub-
mitted for chemical analysis. Table 1 and Figure 1 summarize
the experimental groups and procedure overview, respectively.

Figure. 1 Experimental procedure overview for the 2×2 factorial
pilot study. Eight steps from sediment collection through ICP-OES
analysis.

Leachate Matrix Preparation

Schuylkill River sediment leachate was used as the water ma-
trix rather than distilled water because published biochar ad-
sorption studies conducted in clean laboratory matrices likely
overestimate removal efficiency in real field conditions.10,16

Sediment and ambient river water were collected on April 5,
2026 from a publicly accessible recreational shoreline at the
Betzwood area, Valley Forge National Historical Park, Mont-
gomery County, Pennsylvania (40.1093◦N, 75.4154◦W). Wa-
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ter temperature at the time of collection was approximately
14.5◦C, based on contemporaneous measurements recorded at
USGS monitoring station 01473500 (Schuylkill River at Nor-
ristown, PA), located approximately 4 miles downstream of
the collection site. No permits were required. No protected
species were sampled. This study did not involve human sub-
jects or animal research. Approximately 300 mL of surface
sediment (top 2 to 3 inches) was collected along with ambient
river water.

At the laboratory, the collected sediment and river water
were combined with distilled water in a sealed gallon jug at
approximately a 10:1 water-to-sediment ratio by volume. The
jug was shaken vigorously for two minutes to dislodge loosely
bound metals and organic matter from sediment particles. The
mixture was then allowed to settle overnight on a flat surface
without disturbance. The following morning, approximately 3
L of clear supernatant was carefully decanted without disturb-
ing the settled sediment. Distilled water was added to bring the
total leachate volume to approximately 3.9 L. Prior to metal
addition, 350 mL of unspiked leachate was removed and set
aside as the leachate blank (LB-1).

Stock Solution Preparation

A two-step dilution approach was used to prepare the metal
spike solution. Two separate 100 mL intermediate stock solu-
tions were prepared by dissolving copper sulfate pentahydrate
(CuSO4·5H2O; Zep Root Kill, 99%) and zinc sulfate mono-
hydrate (ZnSO4·H2O; Alpha Chemicals, 99%) separately in
distilled water. The CuSO4·5H2O mass weighed was 0.053 g
and the ZnSO4·H2O mass weighed was 0.0652 g. Both 100
mL solutions were combined into a single 200 mL mixed in-
termediate stock. Seven milliliters of this combined interme-
diate stock was added to 3.550 L of leachate matrix to produce
the final spiked stock solution with a total volume of approxi-
mately 3.557 L. Nominal spike concentrations based on these
masses were 0.133 mg/L Cu and 0.234 mg/L Zn. Because the
salts were weighed on a non-analytical balance at low mass,
the nominal values are approximate. The operative starting
concentration for all removal calculations was established by
direct ICP-OES measurement of the spiked no-biochar con-
trol (C-1): 0.150 mg/L Cu and 0.254 mg/L Zn. All percent-
removal values are calculated against this measured baseline
and are therefore independent of the spike-preparation accu-
racy.

Experiment Execution

All containers used in the experiment were clean, lidded
polypropylene containers. The spiked stock solution was
dispensed in 250 mL aliquots into each treatment container.
Wakefield Premium Biochar was used as received without pre-

rinsing, to replicate conditions of practical field deployment.
Room temperature was 19.3◦C throughout. All containers
were started simultaneously at 8:45 PM. Each container was
swirled manually for 10 seconds at 5-minute intervals. pH
was measured using a Vivosun digital pH pen before biochar
addition and again at the end of each group’s contact period.
Containers were capped immediately following pH measure-
ment.

Sample Processing and Filtration

Following the contact period, each container was allowed to
settle for five minutes. Each sample was passed through a
cellulose gravity pre-filter to remove bulk biochar particles,
then filtered through a 0.45 µm nylon membrane under vac-
uum. The 0.45 µm threshold is the EPA operational definition
of dissolved metals as specified in EPA Method 200.7.17 The
first 5 mL of filtrate was discarded before collecting the ana-
lytical sample. A new membrane was used for each sample.

Each filtered sample was collected into a 250 mL sample
bottle provided in an MJ Reider field filter kit. Concentrated
HNO3, supplied with each kit in a separate vial, was added to
each sample immediately after filtration to preserve to pH <
2 as required by EPA Method 200.7. Samples were stored on
ice at approximately 4◦C and delivered to the laboratory the
following day (collected April 6, 2026; received April 7, 2026
at 14:25; temperature at receipt 3.9◦C).

Chemical Analysis

Dissolved Cu and Zn concentrations were determined by ICP-
OES following EPA Method 200.7 (Rev 4.4),17 with sample
preparation by EPA Method 200.2 (Rev 2.8), performed by MJ
Reider Associates (Reading, PA; NELAP-accredited, PA DEP
#06-00003). All 10 samples were submitted and analyzed on
April 8, 2026 (analyst: HRG). Method reporting limits were
0.010 mg/L for Cu and 0.005 mg/L for Zn. Percent removal
for each treatment group was calculated as:

% Removal =
C-1 result−Treatment group mean

C-1 result
×100

where C-1 is the spiked no-biochar control.
MJ Reider Associates provided quality control data with the

amended Certificate of Analysis (June 18, 2026). The labora-
tory reagent blank returned Cu <0.010 mg/L and Zn <0.005
mg/L. Laboratory fortified blank recoveries were 94.4% for
Cu and 95.5% for Zn (acceptance range 85–115%). Matrix
spike recoveries ranged from 90.7% to 95.2% for Cu and
91.0% to 94.1% for Zn (acceptance range 70–130%). Matrix
spike duplicate relative percent differences were 1.23–5.42%
for Cu and 0.59–2.75% for Zn (acceptance limit 20%). All
results met EPA Method 200.7 acceptance criteria.
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Results

Starting Concentration Verification

Nominal dissolved metal concentrations in the spiked stock
solution, based on the weighed salt masses (0.053 g
CuSO4·5H2O and 0.0652 g ZnSO4·H2O), were 0.133 mg/L
Cu and 0.234 mg/L Zn. ICP-OES analysis of the spiked no-
biochar control (C-1) returned Cu = 0.150 mg/L and Zn =
0.254 mg/L. The measured values were 13% and 8.7% above
nominal, respectively, attributable to weighing uncertainty at
low mass on a non-analytical balance. All percent removal
calculations use the measured C-1 value as the baseline and
are independent of the nominal spike calculation. The un-
spiked leachate blank (LB-1) returned Cu below 0.010 mg/L
and Zn below 0.005 mg/L, both below reporting limits, con-
firming that the leachate matrix did not contribute detectable
background Cu or Zn. Raw ICP-OES results for all ten sam-
ples are presented in Table 2.

Percent Removal Results

Duplicate results within each treatment group were averaged
to produce group means. Percent removal was calculated for
each group relative to the spiked no-biochar control (C-1). Re-
sults are presented in Table 3. For Cu, percent removal ranged
from 17.0% (L-15) to 55.3% (H-60). For Zn, percent removal
ranged from 29.1% (L-15) to 65.7% (H-60). In all four treat-
ment groups, Zn removal exceeded Cu removal. Duplicate
results were closely matched: the largest difference between
replicates within a single group was 0.004 mg/L for Cu and
0.016 mg/L for Zn.

Figure. 2 Percent removal of dissolved Cu and Zn across four treat-
ment groups, calculated relative to the spiked no-biochar control (C-
1: Cu = 0.150 mg/L, Zn = 0.254 mg/L). Bars represent means of
duplicate measurements. Error bars represent the range (max minus
min) of the two replicates.

pH Data

Solution pH was approximately 5.5 in all containers before
biochar addition. The spiked no-biochar control (C-1) showed
negligible pH change (-0.01 units) over the 60-minute pe-
riod. All biochar-treated groups showed some degree of pH
increase. The L-15 group showed the smallest shifts (+0.30 to
+0.52 units). The H-60 group showed the largest shifts: H-60-
1 increased by 1.01 units and H-60-2 increased by 1.51 units,
reaching a final pH of 7.03 – the only sample to exceed pH 7.
Full pH data are presented in Table 4.

Figure. 3 Solution pH before and after biochar contact for all sam-
ples. Dashed line indicates the approximate pH threshold (∼pH 6.0)
above which Cu(OH)2 precipitation becomes thermodynamically fa-
vorable (Albrecht et al., 2011). H-60-2 reached pH 7.03, the only
sample exceeding pH 7.

Visual Observations

No significant color change was observed between the control
and any treatment group. In the 15-minute groups, biochar
particles remained predominantly suspended during swirling.
In the 60-minute groups, biochar showed increased adhesion
to container walls beginning at approximately 35 minutes,
more pronounced in high-dose groups. High-dose containers
maintained noticeably higher overall turbidity than low-dose
containers throughout the experiment.

Discussion

Summary of Observations

Wakefield Premium Biochar measurably reduced dissolved
Cu and Zn concentrations in Schuylkill River sediment
leachate under all four treatment conditions. The highest re-
moval was observed in the high-dose, long-contact group (H-
60: 55.3% Cu, 65.7% Zn) and the lowest in the low-dose,

4 | © The National High School Journal of Science 2026



short-contact group (L-15: 17.0% Cu, 29.1% Zn). Zn re-
moval exceeded Cu removal in every treatment group. This
is an unexpected finding: Chen et al.18 found that Cu adsorp-
tion capacity exceeded Zn on both hardwood and corn straw
biochars (Cu qe 12.52 vs Zn 11.0 mg/g for corn straw biochar
at 600◦C; 6.79 vs 4.54 for hardwood biochar at 450◦C), and
Cu competed with Zn for binding sites at concentrations ≥1.0
mM. The reversal observed here may reflect matrix-specific
effects. He et al.19 demonstrated that dissolved organic matter
type substantially affects Cu2+ adsorption on biochar: humic
acid enhanced adsorption by up to 55% by introducing addi-
tional functional groups, while fulvic acid showed no net en-
hancement due to competition for binding sites. In the present
leachate, DOM composition is unknown, but if solution-phase
organic ligands preferentially complex Cu — keeping it dis-
solved and unavailable for surface binding — without simi-
larly affecting Zn, that would explain the reversal. Testing this
requires leachate characterization data not collected in this pi-
lot.
pH and Removal Mechanism

The pH data raises a question the study cannot resolve: what
fraction of the measured metal removal was surface adsorption
onto biochar, and what fraction was driven by metal hydrox-
ide precipitation caused by the pH increase. Ahmad et al.20

identified that the alkaline mineral content of biochar raises
solution pH upon contact with water, which can drive metal
hydroxide precipitation independently of surface adsorption.

Cu(OH)2 precipitation becomes thermodynamically favor-
able above approximately pH 6; Zn(OH)2 precipitation does
not occur until approximately pH 9 (Albrecht et al.21). Most
treatment groups showed final pH values below 6.5, where
Cu precipitation is less likely but cannot be excluded. Two
samples exceeded this threshold: H-60-1 (pH 6.53) and H-
60-2 (pH 7.03), the latter reaching a level where Cu hydrox-
ide precipitation is plausible. Zn removal is attributable to
non-precipitation mechanisms (adsorption, ion exchange, or
surface complexation) across all groups, as no sample ap-
proached pH 9. Lu et al.22 demonstrated that the relative dis-
tribution of sorption mechanisms on biochar varies with pH,
with precipitation becoming dominant at higher pH and com-
plexation dominant at lower pH. Xu et al.23 showed that min-
eral components (Ca, Mg, K) in biochar contribute to metal
removal via ion exchange and precipitation. It is not possi-
ble to determine from available data what fraction of H-60 Cu
removal was adsorption versus precipitation. XRD or FTIR
analysis of spent biochar would be needed to resolve the ques-
tion.

Comparison to Published Literature

The percent removal values in this study are lower than those
commonly reported in distilled-water bench studies. Inyang et

al.8 reviewed removal efficiencies frequently exceeding 80%
for wood-based biochars; however, those figures frequently
reflect chemically modified biochars at higher initial metal
concentrations, and unmodified biochars at comparable con-
centration ranges show substantially lower removal even in
clean water. Wang et al.24 confirmed that heavy metal adsorp-
tion capacity depends strongly on water chemistry, competing
ions, and initial concentrations. The values here – 17.0% to
55.3% for Cu and 29.1% to 65.7% for Zn – are consistent with
the competing-ion hypothesis, but confirming that requires
leachate characterization and a parallel clean-water compara-
tor. Qiu et al.10 noted that most published studies continue to
use simplified matrices, precisely the gap this study begins to
address. These results may provide a more realistic estimate
of commercial biochar performance under complex stormwa-
ter conditions than distilled-water studies alone.

Dose and Contact Time Observations

In the four treatment groups tested, higher biochar dose was
associated with higher removal in all comparisons. Tripling
the dose from 0.5 g to 1.5 g was associated with a 24
percentage-point difference in Cu removal at 15 minutes and
a 21 percentage-point difference at 60 minutes. For Zn, the
corresponding differences were 21 and 25 percentage points.
Longer contact time was also associated with higher removal:
the difference between 15 and 60 minutes was 17 percent-
age points for Cu at low dose and 14 at high dose, with the
same directional pattern for Zn. These observations are con-
sistent with what would be expected from greater surface area
at higher dose and continued uptake over time, but with n = 2
and no statistical analysis, they are descriptive observations
of this particular experiment, not established dose or contact-
time effects.

Tan et al.25 reviewed biochar adsorption kinetics and found
that heavy metal uptake typically follows pseudo-second-
order kinetics, with the majority of adsorption occurring in
the first 15 to 30 minutes. The observation that removal was
higher at 60 minutes than at 15 minutes suggests that equilib-
rium was not reached at 15 minutes under either dose condi-
tion. Published equilibrium times for unmodified wood-based
biochars range from approximately 120 minutes to 48 hours,
so 60 minutes may also represent pre-equilibrium conditions,
but this cannot be confirmed from two time points alone.

Adsorption capacities, calculated as qe = (C0 −Ce)×V/m,
ranged from 0.0103 to 0.0255 mg Cu/g and 0.0212 to 0.0515
mg Zn/g (Table 3). Per-gram capacity was higher at the lower
dose (0.5 g) than at the higher dose (1.5 g) for both metals:
Cu qe was 0.0127 mg/g at L-15 versus 0.0103 mg/g at H-15,
and Zn qe was 0.0370 mg/g at L-15 versus 0.0212 mg/g at H-
15. This pattern is consistent with the standard observation
that per-gram efficiency decreases at higher adsorbent doses
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when the metal concentration is limiting, as a larger fraction
of available adsorption sites remain unoccupied. These val-
ues are low compared to modified biochars tested at higher
initial metal concentrations, but are consistent with unmodi-
fied biochar performance at the low spike concentrations used
here.

Environmental Context and Limitations

The residual Cu concentration in the best-performing group
(H-60: Cu = 0.067 mg/L) remains above the EPA freshwater
aquatic life criterion of 9 µg/L, while the residual Zn con-
centration (0.087 mg/L) falls below the 120 µg/L Zn crite-
rion. Biochar treatment at these doses and contact times did
not achieve aquatic-life-criterion compliance for Cu. Resid-
ual Zn (87 µg/L) fell below the 120 µg/L Zn criterion. Batch
equilibrium conditions represent a performance ceiling; field
or continuous-flow conditions would yield lower removal due
to shorter contact times and hydraulic variability.

Several limitations constrain interpretation of these results.
Sample size was n = 2 per group with a single unreplicated
spiked no-biochar control (C-1), and no no-biochar control
was included at the 15-minute contact time. This design
cannot separate biochar-driven removal from potential time-
dependent losses to container walls, filtration media, or han-
dling, and does not support statistical inference. The tight
agreement between duplicates (maximum within-group differ-
ence of 0.004 mg/L for Cu and 0.016 mg/L for Zn) provides
preliminary evidence of reproducibility at this scale, but is not
a substitute for proper replication.

Additional limitations include: only one commercial
biochar product was tested, and results should not be gen-
eralized to other feedstocks, pyrolysis conditions, or modi-
fied biochars; the manual mixing protocol (10-second swirls
at 5-minute intervals) introduces more variability than a me-
chanical shaker would; independent biochar characterization
(BET surface area, FTIR, elemental analysis) was not con-
ducted — the manufacturer states a surface area of approx-
imately 375 m2/g and carbon content >60% for Wakefield
Premium Biochar, but these values are manufacturer specifi-
cations, not independently verified. Ippolito et al.26 demon-
strated through meta-analysis that feedstock choice and py-
rolysis temperature fundamentally determine biochar proper-
ties including surface area, pH, and functional group composi-
tion, which is why independent characterization matters. The
leachate was prepared from a single collection event (April 5,
2026) and does not capture seasonal variability in sediment
metal loading, dissolved organic matter, or ionic composition;
the ionic composition of the leachate matrix was not character-
ized, preventing quantitative assessment of competing-ion ef-
fects; no biochar-in-clean-water blank was run to assess poten-
tial Cu or Zn leaching from the biochar itself (though any such

leaching would increase measured post-treatment concentra-
tions and reduce apparent removal, meaning reported values
would be conservative); and the reagents used were consumer-
grade (99% stated purity) without certificates of analysis for
trace-metal impurities.

Future Work

This pilot study raises four specific questions for future inves-
tigation. First, the ionic composition of the leachate matrix
was not characterized; future work should quantify competing
ion concentrations including Ca2+, Mg2+, Na+, K+, and dis-
solved organic carbon to put the observed removal differences
from clean-water predictions in context. Second, a replicated
study with n ≥ 3 and no-biochar controls at each contact time
is needed to determine whether the dose and contact-time pat-
terns observed here are reproducible and to enable statistical
inference. Third, the mechanism driving the unexpected Zn >
Cu removal pattern should be looked at directly; leachate char-
acterization may help isolate the contributing factors. Fourth,
a column study under continuous-flow conditions would pro-
vide hydraulically realistic data that cannot be obtained from
batch equilibrium experiments. Tian et al.27 demonstrated that
biochar incorporated into a pilot-scale bioretention system im-
proved nitrate removal from stormwater, supporting its poten-
tial as a field amendment for continuous-flow treatment. A
replicated study addressing the first three questions is planned
as the next phase of this work.

Conclusions

Wakefield Premium wood-based biochar removed dissolved
Cu and Zn from a simulated stormwater matrix under all four
treatment conditions tested. The highest removal was ob-
served at 1.5 g per 250 mL with 60 minutes of contact time
(55.3% Cu and 65.7% Zn removal relative to the spiked no-
biochar control, C-1). Higher biochar dose was associated
with higher removal in all comparisons, and removal was
higher at 60 minutes than at 15 minutes across both dose lev-
els.

Both surface adsorption and precipitation are plausible con-
tributors to the observed removal. In the H-60 group, one
replicate reached pH 7.03, where Cu(OH)2 precipitation is
thermodynamically favorable; Zn(OH)2 precipitation is not
plausible below pH 9. XRD or FTIR analysis of spent biochar
is needed to resolve the mechanism question.

Removal efficiencies were lower than those commonly re-
ported in distilled-water biochar adsorption studies, consistent
with the competing-ion hypothesis. Leachate characterization
and a clean-water comparator are needed to confirm it.

As a pilot study with n = 2 and an unreplicated control,
these results are descriptive and do not support statistical in-
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ference. A replicated study (n≥ 3) with no-biochar controls at
each contact time, leachate characterization, and independent
biochar characterization are planned as the next phase of this
research program.
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Table 1 Experimental groups, biochar doses, contact times, sample identifiers, and replicate counts for the 2×2 factorial pilot design. LB-1 =
unspiked leachate blank (confirms background metal levels); C-1 = spiked no-biochar control (baseline for all percent-removal calculations).
All treatment groups run in duplicate (n = 2).

Group Dose (g/250 mL) Contact Time (min) Original ID Simple ID n

Leachate Blank 0 N/A LB-1 LB 1
Control (spiked, no biochar) 0 60 C-1 CTL 1
Low Dose / Short Contact 0.5 15 L-15-1, L-15-2 A1, A2 2
Low Dose / Long Contact 0.5 60 L-60-1, L-60-2 B1, B2 2
High Dose / Short Contact 1.5 15 H-15-1, H-15-2 C1, C2 2
High Dose / Long Contact 1.5 60 H-60-1, H-60-2 D1, D2 2

Table 2 Raw ICP-OES dissolved metal concentrations for all ten samples. Analysis by MJ Reider Associates (NELAP PA DEP #06-00003)
following EPA Method 200.7 Rev 4.4 with preparation by EPA Method 200.2 Rev 2.8. Reporting limits: Cu = 0.010 mg/L; Zn = 0.005 mg/L.
Samples collected April 6, 2026; received April 7, 2026; analyzed April 8, 2026.

Sample ID Group Dose (g/250 mL) Contact Time (min) Cu (mg/L) Zn (mg/L)

LB-1 Leachate Blank 0 N/A <0.010 <0.005
C-1 Control 0 60 0.150 0.254
L-15-1 Low/Short 0.5 15 0.126 0.188
L-15-2 Low/Short 0.5 15 0.123 0.172
L-60-1 Low/Long 0.5 60 0.098 0.150
L-60-2 Low/Long 0.5 60 0.100 0.152
H-15-1 High/Short 1.5 15 0.088 0.132
H-15-2 High/Short 1.5 15 0.089 0.122
H-60-1 High/Long 1.5 60 0.065 0.086
H-60-2 High/Long 1.5 60 0.069 0.088

Table 3 Treatment group means, ranges (max − min of duplicates), percent removal, and adsorption capacities for dissolved Cu and Zn,
calculated relative to the spiked no-biochar control (C-1: Cu = 0.150 mg/L, Zn = 0.254 mg/L). Adsorption capacity qe = (C0 −Ce)×V/m,
where V = 0.250 L and m = biochar mass (g). EPA Method 200.7, MJ Reider Associates.

Group Dose (g/250mL) Time (min) Cu Mean (mg/L) Cu Range (mg/L) Cu Rem (%) Cu qe (mg/g) Zn Mean (mg/L) Zn Range (mg/L) Zn Rem (%) Zn qe (mg/g)

C-1 0 60 0.150 – – – 0.254 – – –
L-15 0.5 15 0.1245 0.003 17.0 0.0127 0.1800 0.016 29.1 0.0370
L-60 0.5 60 0.0990 0.002 34.0 0.0255 0.1510 0.002 40.6 0.0515
H-15 1.5 15 0.0885 0.001 41.0 0.0103 0.1270 0.010 50.0 0.0212
H-60 1.5 60 0.0670 0.004 55.3 0.0138 0.0870 0.002 65.7 0.0278

Table 4 Solution pH before and after biochar contact for all samples, measured with a Vivosun digital pH pen. pH was measured immediately
before biochar addition and again at the end of each group’s designated contact period. The spiked no-biochar control (C-1) showed negligible
pH change (−0.01 units) over 60 minutes. *H-60-2 is the only sample to exceed pH 7 (+1.51 units, from 5.52 to 7.03), reaching a level where
Cu(OH)2 precipitation is thermodynamically favorable.

Sample ID Group Dose (g) pH Before pH After pH Shift

LB-1 Leachate Blank 0 5.52 N/A N/A
C-1 Control 0 5.52 5.51 −0.01
L-15-1 Low/Short 0.5 5.53 5.83 +0.30
L-15-2 Low/Short 0.5 5.52 6.04 +0.52
L-60-1 Low/Long 0.5 5.51 6.11 +0.60
L-60-2 Low/Long 0.5 5.52 6.47 +0.95
H-15-1 High/Short 1.5 5.53 6.08 +0.55
H-15-2 High/Short 1.5 5.52 5.97 +0.45
H-60-1 High/Long 1.5 5.52 6.53 +1.01
H-60-2* High/Long 1.5 5.52 7.03 +1.51*
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