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ABSTRACT: This study explored the removal of contaminants from
surrogate solutions using magnetite particles. Commercially available
magnetite was used for the removal of copper, lead, nitrate, and phosphate
from surrogate solutions. Single-stage experiments with copper, lead, and
phosphate surrogate solutions achieved over 98% removal, while nitrate
removal experiments only achieved 7.47%, in 24 h at high (20 g/L) magnetite
doses and initial concentrations of 100 mg contaminant/L. Two-stage
experiments with copper showed over 99.9% cumulative removal after the
second stage. Adsorption kinetics experiments for copper, lead, and
phosphate demonstrate rapid uptake of contaminants with high doses of
magnetite, removing over 90% of contaminants in 4 min or less and follow a
pseudo-second-order model. Ultimately, this study aims to establish the minimum magnetite dose and/or minimum number of
stages required to remove contaminants below water quality standards for human and/or aquatic life. Water pollution is a serious
global issue, and this study poses a potential solution that can be modified for a variety of applications, including environmental
contamination and industrial wastewater treatment.
KEYWORDS: magnetite, adsorption, kinetics, contaminant removal, copper

1. INTRODUCTION
Natural water sources and industrial wastewaters can contain
trace levels of harmful contaminants, such as heavy metals and
nutrients. Though not clearly defined, heavy metals are metals
and metalloids with high densities that are toxic at low-level
exposure.1−3 Heavy metals exposure can occur due to natural
phenomenon, such as weathering, and anthropogenic activities,
including municipal wastewater release, industrial operations,
and mining.1−9 Nutrient contamination can come from
anthropogenic sources, including food product processing
and agricultural runoff, and geogenic activity.6,10−13 Exposure
to these toxic materials can lead to adverse health effects in
humans and the environment.
Heavy metals, such as arsenic and copper, are known to be

toxic and, at elevated levels, can lead to organ damage, cancer,
and respiratory problems in humans. Plant life can also be
affected by heavy metals, causing cell damage and nutrient
deficiency.1,2,6,7,14 Copper is of interest because it accumulates
in the organs of fish, leading to developmental or respiratory
problems.4,15 Aquatic species are highly sensitive to contam-
inants, and local fish kills tend to be caused by heavy rain and
flooding that deposit metals from contaminated areas into
streams and tributaries, where copper is highly prominent.16

Nutrients, such as nitrates and phosphates, can also have toxic
effects at increased concentrations.17,18 Nitrates and phos-
phates can cause cancer, organ damage, and immune system

changes in humans. Affected waters could experience
eutrophication, where dissolved oxygen depletion causes
problems for aquatic life and can produce harmful algal
blooms.12,19−21 Even at low concentrations, below 3 μg/L,
contaminants can be harmful, and their removal and recovery
at these levels can be difficult.17,18,22

The release and improper care of contaminated wastewaters
pose serious threats to the environment, aquatic life, and
human health, and the need for an efficient and economical
method for contaminant removal is apparent. Researchers are
currently exploring various methods to address contaminant
removal, including ion exchange, biochar, reverse osmosis,
adsorption, and a selective capacitive removal technology
employing electro-adsorption or capacitive deioniza-
tion.7,10,12,19,23,24 This work examined the adsorption method,
using magnetite (Fe3O4) particles as the adsorbent. Adsorption
is efficient, simple, and produces less byproducts than methods
such as membrane filtration, ion exchange, and chemical
precipitation.5,7,25,26 Fe3O4 is inexpensive, already exists in the
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environment, and has several favorable characteristics includ-
ing biocompatibility, magnetic susceptibility, and an easily
modified surface.5,7,8,25,27−31 Magnetic properties allow for
easy and efficient collection, reducing chemicals needed for
removal and decreasing the production of secondary
pollutants.26,34,35 Additionally, Fe3O4 can effectively capture
anions and cations across a range of pH values.13,26,27,32,33

Further, Fe3O4 has demonstrated potential in applications such
as magnetic inks, MRI contrast agents, and water treat-
ment.27−31

This work used Fe3O4 in a series of experiments designed to
explore its adsorption properties for the removal of heavy
metal and nutrient ions from surrogate solutions. Experiments
included investigation of loading capacity, kinetics, single- and
two-stage removal, and cycling. A model was also generated
and validated using Design-Expert 12, a logistic regression
analysis software. Fe3O4 was the focus of in-depth
experimentation due to its cost, environmental friendliness,
and natural adsorptive properties for contaminant removal,
specifically for use in a novel continuous flow material recovery
(CFMR) system designed for water treatment.27,29,36 Environ-
mental and industrial applications, including treating con-
taminated tributaries and industrial waste streams, are highly
desirable applications for this work.

2. MATERIALS
Commercially available Fe3O4 was purchased from SkySpring
Nanomaterials (Fe3O4, 98 + %, 20−30 nm) and, for
comparison, from U.S. Research Nanomaterials (Fe3O4, 98 +
%, 20−30 nm). Scanning electron microscope (SEM) images
can be found in the Supporting Information Text S1 and
Figure S1. All experiments in this work used Fe3O4 from
SkySpring Nanomaterials.
Surrogate solutions were prepared using one of the following

chemical compounds. Copper(II) sulfate pentahydrate pur-
chased from Sigma-Aldrich; lead(II) acetate trihydrate, calcium
nitrate, and methanol purchased from Fisher Scientific; and
lead(II) nitrate and potassium phosphate dibasic purchased
from J.T. Baker Chemical Co. Copper inductively coupled
plasma (ICP) standards were purchased from Ricca Chemical
and Sigma-Aldrich.

3. EXPERIMENTAL METHODS
3.1. Kinetics. Kinetics experiments were performed to

determine the adsorption rate of contaminants onto Fe3O4.
Copper sulfate pentahydrate, lead acetate, or potassium
phosphate dibasic was used to prepare the solutions.
Experiments were conducted using a known starting
contaminant concentration and a dose of 10 or 20 g Fe3O4
in 1 L of 18 MΩ deionized (DI) water, agitated at 400 or 600
rpm. The contaminant concentration and pH were monitored
and recorded at specified sampling times over the course of 6
h. All experiments were conducted at intrinsic pH, room
temperature, and ambient pressure. All samples were analyzed
by a Hach DR3900 spectrophotometer.
3.2. Contaminant Removal Experiments. 3.2.1. Load-

ing Experiments. The protocol for evaluating Fe3O4 loading is
as follows.36 Fe3O4 was weighed and poured into a flask,
followed by methanol to wet the particles. 18 MΩ DI water
was added to the flask and sonicated under vacuum. In a
separate beaker, a contaminant ion solution was prepared with
18 MΩ DI water and then added to the flask with the Fe3O4

slurry for a total volume of 250 mL. Finally, the flask was
placed on a shaker table for 24 h, assuming equilibrium loading
was achieved by this time. At 24 h, a sample was taken and
immediately filtered and analyzed. All experiments were
conducted at intrinsic pH, room temperature, and ambient
pressure, and all samples were analyzed by a Hach DR3900
spectrophotometer. The dose of particles and contaminant
concentration were adjusted to the desired values for each
experiment. The total volume, 250 mL, was chosen based on
convenience and for comparison to prior testing.36

From these data, loading and removal efficiency can be
calculated. Loading was calculated according to eq 1

q
C C V

m
( )0 e=

(1)

where q is the loading capacity (mg/g), C0 and Ce are the
initial and final concentrations (mg/L), respectively, V is the
total volume of the solution (L), and m is the mass of the
adsorbent (g).37 Loading describes how much contaminant
can be removed from a system per gram of adsorbent added to
the system. The removal efficiency is given by eq 2

C C
C

100% Removal
( )0 e

0
= ×

(2)

where C0 and Ce are defined in the same manner as in eq 1.37

Removal efficiency expresses the percentage of contaminant
removed from the system by comparing the initial and final
contaminant concentrations.

3.2.2. Single- and Two-Stage Experiments. Single-stage
contaminant ion removal experiments were performed for a
variety of single and mixed contaminant surrogate solutions.
To demonstrate that complete, or near-complete, removal is
possible with an increased number of particles, the dose for
these experiments was increased to 20.0 g Fe3O4/L. Copper
sulfate pentahydrate, lead acetate, potassium phosphate
dibasic, or calcium nitrate were used to make single
contaminant solutions. Mixed contaminant solutions were
prepared using either lead nitrate for a solution containing lead
and nitrate ions or copper sulfate pentahydrate and lead
acetate for a solution containing copper and lead ions. Mixed
contaminant experiments were conducted to determine Fe3O4
performance in the presence of competing ions and loading of
the respective ions relative to each other.
The procedure for single-stage removal is as follows. In a 1 L

beaker, 100 mg of contaminant/L was completely dissolved in
250 mL of 18 MΩ DI water, and the initial pH of the
contaminant solution was measured. The beaker was then
placed under mechanical agitation, mixing at 400 rpm. Fe3O4
was weighed and added to the contaminant solution. After 1 h
of mixing, the pH was measured and a sample was taken.
Samples were immediately filtered and analyzed using a Hach
DR3900 spectrophotometer. All experiments were conducted
at intrinsic pH, room temperature, and ambient pressure. For
comparison to loading and kinetics experiments, the initial
contaminant concentration was kept at approximately 100 mg/
L for all experiments with two exceptions. First, the PO4

3−

concentration was increased because the initial 100 mg/L
experiment produced results below the specified detection
limit of the Hach TNT845 vials. Second, Pb(II) concen-
trations were maintained approximately at the baseline for
single and Cu(II) mixed experiments; however, for the NO3

−

mixed experiment, it was decided to keep the NO3
−
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concentration at the baseline, so the Pb(II) concentration was
elevated due to the stoichiometric Pb to NO3

− ratio in the lead
nitrate powder used to prepare the solution.
Two-stage contaminant ion removal experiments were

conducted for surrogate Cu(II) solutions. The procedure for
two-stage removal is the same as the procedure described in
the previous paragraph with the addition of the second stage,
which is as follows. After the first hour of mixing, the pH was
measured and a 40 mL sample was taken, filtered, and
preserved to under pH 2 using nitric acid. A magnet was used
to separate Fe3O4 from the depleted Cu(II) solution, which
was decanted into another 1 L beaker. The beaker was placed
back under mechanical agitation at 400 rpm, and a fresh mass
of Fe3O4 was added to the solution and mixed for another
hour. After the second hour, another 40 mL sample was taken,
filtered, and preserved to under pH 2 using nitric acid. All
experiments were conducted at intrinsic pH, room temper-
ature, and ambient pressure. Samples were analyzed using an
iCAP 6500 Series inductively coupled plasma-optical emission
spectrometer (ICP-OES).
3.3. Cycling. Cycling was of interest in an economic aspect,

where particle reusability would decrease the need to

constantly purchase new adsorbent material and minimize
disposal products. Two cycling experiments using copper(II)
sulfate pentahydrate were conducted, with each cycle being run
the same as a 24 h loading experiment, as described in Section
3.2.1. One experiment consisted of adding fresh Fe3O4 to the
Cu(II) solution after each cycle and the other added stripped
and regenerated Fe3O4. Each experiment cycled their
respective solutions until essentially all Cu(II) was removed.
A 2 mL sample was taken after each cycle and immediately
filtered and analyzed. All tests were performed at intrinsic pH,
room temperature, and ambient pressure. All samples were
analyzed using a Hach DR3900 spectrophotometer.
The strip and regeneration processes for Cu(II)-loaded

Fe3O4 is as follows. Particles were stripped in a sulfuric acid
solution at pH 1.4. The solution was mixed for 3 min, then the
particles were magnetically separated from the solution. The
strip solution pH was recorded, a sample of at least 15 mL was
taken, and the rest was decanted into a waste container. Two
wash steps followed, where DI water was mixed with the
particles for 3 min, then the particles were separated, and a
solution sample taken. Regeneration was performed in the
same manner as the strip, except that an ammonium hydroxide

Figure 1. Removal efficiencies over a 6 h period (left) and a 30 min snapshot of the data (right). Copper (squares), phosphate (diamonds), and
lead (pluses) removal with 20 g Fe3O4/L in solution, agitated at 400 rpm.

Figure 2. PFO (top) and PSO (bottom) kinetic models fitted to the experimental data for copper (squares), phosphate (diamonds), and lead
(pluses) removal by Fe3O4 particles. Trend lines are linear fits to the data, and the equations are presented at the right on both graphs.
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solution at pH 11.46 was used instead of sulfuric acid.36

Stripping and regenerating the particles is beneficial for
economic considerations, as it serves a dual purpose: to
recycle and reuse particles in the CFMR system and to recover
metal by using the strip solution in an electrowinning cell.
3.4. Design of Experiments. Design-Expert 12 was used

to develop a statistical design of experiments to determine
optimal conditions for Cu(II) adsorption onto Fe3O4. A series
of 13 experiments, augmented with two additional experiments
were conducted to determine the effects of pH and Fe3O4 dose
on adsorption. The adsorbent dose and pH were varied from 6
to 20 g Fe3O4/L and from 2 to 4.5, respectively, while the
initial Cu(II) concentration was approximately 80 mg/L.
Solutions were prepared by adding copper(II) sulfate
pentahydrate to 18 MΩ DI water and then adjusting the pH
with sulfuric acid. Fe3O4 was added to the solution and left to
mechanically agitate at 400 rpm for 1 h to ensure maximum
adsorption was attained, after which samples were immediately
filtered and analyzed. All experiments were conducted at room
temperature and ambient pressure, and all samples were
analyzed by a Hach DR3900 spectrophotometer. Results were
used by Design-Expert 12 to generate a response surface model
and determine optimal parameters.

4. RESULTS AND DISCUSSION
4.1. Kinetics. Cu(II), PO4

3−, and Pb(II) were used in
kinetics experiments to determine their adsorption rate onto
Fe3O4 and which kinetic model the adsorption followed.
Experiments were conducted over 6 h, using a dose of 20 g
Fe3O4/L and an agitation speed of 400 rpm, with initial
concentrations of 100 mg/L for Cu(II) and PO4

3− and 500
mg/L for Pb(II). The Pb(II) concentration was increased
because the 100 mg/L experiment resulted in concentrations
below the detection limit of the spectrophotometer within 30
s. Figure 1 exhibits cumulative removal over time for each
experiment, where initial adsorption occurs quickly due to
many available adsorption sites, and, as time passes, it gradually
decreases due to limited availability of adsorption sites and

contaminant contact with available sites. Cu(II) removal,
squares in Figure 1, reached 90% within 1 min and 99% within
8 min of contact with Fe3O4. Pb(II), pluses in Figure 1, shows
similar removal with 96% removal in 1 min and 99% in 8 min.
PO4

3−, diamonds in Figure 1, has slightly slower adsorption,
achieving over 90% removal in 4 min and an overall removal of
approximately 98%.
To evaluate adsorption kinetics, pseudo-first-order (PFO)

and pseudo-second-order (PSO) kinetic models were fit to the
experimental data, visually presented in Figure 2 and
quantitatively described in Table 1. PFO and PSO kinetics
are expressed by eqs 3 and 4, respectively,

q q q k tln( ) ln( )t 1e e= (3)

t
q

t
q

1
k qt 2

2
e e

= +
× (4)

where qe is the equilibrium loading capacity, qt is the loading
capacity at time t, and k1 and k2 are the adsorption rate
constants for the PFO and PSO models, respectively.38

Kinetic parameters are given in Table 1, where qe (exp) is
the experimental value for loading equilibrium and R2 is the
correlation coefficient, which describes the statistical relevance
between two variables. Comparing the models, the R2 values
indicate a better fit to the PSO model in all cases, with values
at or above 0.99, whereas the PFO R2 values are less than 0.7 in
all cases. Comparing qe to qe (exp) for the models reveals a
better fit to the PSO model, indicating that it is better suited to
describe the adsorption kinetics for Cu(II), PO4

3−, and Pb(II)
onto Fe3O4. The PSO model suggests that the rate-limiting
step is controlled by chemical adsorption and the surface
interactions of the contaminants and Fe3O4 functional
groups.38−40

In addition to different contaminants, the agitation speed
and dose were varied, maintaining solution concentrations at
100 mg Cu(II)/L, presented at left in Figure 3. At 20 g Fe3O4/
L concentration and 400 rpm speed, squares at left in Figure 3,
over 99% removal occurred in 8 min. For 10 g Fe3O4/L, circles

Table 1. Kinetic Model Parameters

PFO kinetic model PSO kinetic model

qe(exp) (mg/g) k1(1/min) qe(mg/g) R2 k2(g/mg·min) qe(mg/g) R2

Cu(II) 7.87 0.018 1.94 0.64 0.14 8.55 0.99
PO4

3− 4.55 0.009 0.52 0.68 8.77 4.55 1
Pb(II) 14.47 −0.005 2.40 0.10 −0.02 14.62 0.99

Figure 3. Removal efficiencies of copper over 6 h. Left: doses of 20 g/L (squares) and 10 g/L (circles, X’s) Fe3O4 with an approximately constant
initial concentration of 100 mg Cu(II)/L and agitation speeds of 400 rpm (squares, circles) and 600 rpm (X’s) were used. Right: 200 mg (circles),
100 mg (squares), and 50 mg (X’s) of copper per liter with 20 g Fe3O4/L in solution, agitated at 400 rpm.
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and X’s at left in Figure 3, 75% removal was achieved in 30 min
and the overall removal was 84%. As expected, decreasing the
dose resulted in lower contaminant removal. Increasing the
agitation speed did not have a significant effect, where 400
rpm, circles at left in Figure 3, and 600 rpm, X’s at left in
Figure 3, data lay practically on top of each other.
Contaminant concentration was also explored, displayed at

right in Figure 3. Experiments were conducted using 1 L of
surrogate solution, dose of 20 g Fe3O4/L, and agitation speed
of 400 rpm. For 200 mg Cu(II)/L, circles at right in Figure 3,
75% removal was achieved in 4 min with an overall removal of
89%, indicating the need for a higher dose or longer contact
time to achieve complete Cu(II) removal. Over 99% removal
was achieved in 8 min using 100 mg Cu/L, squares at right in
Figure 3, and in 1 min using 50 mg Cu(II)/L, X’s at right in
Figure 3. Overall, rapid adsorption occurs in all tested
contaminants, even at high concentrations, indicating short
contact times and small reaction vessels can be used,
depending on the volume of water being treated.
4.2. Contaminant Removal Experiments. 4.2.1. Load-

ing Experiments. Loading experiments were conducted to
evaluate maximum loading capacity and removal efficiencies of

Fe3O4 in surrogate solutions at varying Cu(II) concentrations
and approximately constant doses of 2.0 g Fe3O4/L. Experi-
ments were performed in triplicate and average values are
displayed in Figure 4 with error bars representing standard
deviation.
Loading data, presented at left in Figure 4, reveal that

loading capacity increases until it hits a saturation point. Once
the saturation point is reached, the limited number of available
adsorption sites on the Fe3O4 are filled, leading to a decrease in
loading capacity at higher initial concentrations observed at left
in Figure 4. As displayed at right in Figure 4, near-complete
removal occurs at low concentrations of Cu(II), but removal
efficiency drops off quickly to around 60% at only 30 mg
Cu(II)/L, indicating Fe3O4 saturation. At low doses of Fe3O4,
saturation occurs quickly, with less than 10% removal at
concentrations above 100 mg Cu(II)/L, but complete or near-
complete removal is achieved at higher concentrations of
Cu(II) with increased doses of Fe3O4. The increased
adsorption behavior is demonstrated in Figures 1 and 3 and
Table 3, where doses of up to 20 g Fe3O4/L and
concentrations up to 200 mg Cu(II)/L achieved over 89%
copper removal.

Figure 4. Copper loading values (left) and removal efficiencies (right) after 24 h with varying initial Cu(II) concentrations and an approximately
constant dose of 2 g Fe3O4/L.

Table 2. Single-Stage Ion Removal

contaminant type Ci (mg C/L) Cf (mg C/L) loading (mg C/g Fe3O4) removal efficiency (%)

Cu(II) 107.0 ± 0.4 0.10 ± 0.01 5.34 ± 0.02 99.91 ± 0.01
Pb(II) 97.3 ± 3.5 0.11 ± 0.01 4.86 ± 0.17 99.91 ± 0.00
PO4

3− 305.1 ± 0.6 99.75 ± 0.00 10.26 ± 0.21 67.31 ± 1.46
PO4

3− 100.8 0.83 4.99 99.17
NO3

− 104.3 96.51 0.39 7.47

mixed�NO3
− 100.5 98.72 0.09 1.76

mixed�Pb(II) 167.9 0.09 8.39 99.95

mixed�Cu(II) 106.9 ± 0.0 0.26 ± 0.05 5.33 ± 0.00 99.70 ± 0.05
mixed�Pb(II) 95.8 ± 0.1 0.25 ± 0.04 4.77 ± 0.01 99.73 ± 0.04

Table 3. Two-Stage Copper Removal

stage Ci (mg Cu(II)/L) Cf (mg Cu(II)/L) loading (mg Cu(II)/g Fe3O4) removal efficiency (%) cumulative removal (%)

1 104.0 0.25 5.18 99.76
2 0.3 0.05 0.0084 78.95 99.95

1 104.0 0.33 5.18 99.68
2 0.3 0.02 0.0129 93.13 99.98

1 104.0 0.18 5.19 99.83
2 0.2 0.01 0.0070 92.88 99.99
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For economic and technical feasibility of using Fe3O4 in a
CFMR system, increasing loading capacity may need to be
considered for real-time, commercial operation, utilizing
surface coatings and functionalizations, such as chitosan, silica,
or EDTA.6,7,14,29,31,38 Additional experiments investigating pH,
temperature, and solution, or particle, conditioning will be
conducted to create a more in-depth series of experiments for
Fe3O4. Real water samples will also be collected and
characterized for the contaminant content and then treated
with Fe3O4 for comparison of removal efficiencies to surrogate
solutions. Overall, future experimentation will build a
comprehensive study of adsorption by bare Fe3O4 with
supplemental data gathered for select modified particles and
contaminants.
4.2.2. Single- and Two-Stage Ion Removal. Single- and

two-stage ion removal data are displayed in Tables 2 and 3,
respectively, where Ci and Cf represent the initial and final
concentrations, respectively, in milligrams of contaminant per
liter (mg C/L) and the loading and removal efficiency are
calculated using eqs 1 and 2, respectively.
Single-stage ion removal experiments were performed to

demonstrate that a high dose of Fe3O4 (20.0 g/L) can achieve
complete or near-complete removal of contaminants from
solution. Triplicate experiments were run on single contam-
inant experiments with Cu(II), Pb(II), 300 mg PO4

3−/L, and
the mixed Cu(II) and Pb(II) experiment, with averages and
standard deviations presented in Table 2. Single experiments
were run with PO4

3−, NO3
−, and mixed NO3

− and Pb(II),
where additional experiments are required to verify reprodu-
cibility of data.
Near-complete contaminant removal occurred in almost

every case, achieving over 99% removal, except for nitrate. In
the mixed metal case, though removal efficiencies for each
metal were still high, slightly less Cu(II) and Pb(II) were
removed from the solution compared to single metal
experiments. As the experiments were performed under almost
identical conditions, it is reasonable that less would be
removed, as combined there was approximately 200 mg C/L in
solution. For nitrate, many factors could explain the low
removal, including solution pH and temperature, higher
affinities for calcium and lead (both +2 cations) onto Fe3O4,
or ion resonance structure; therefore, additional testing will be
performed to determine the cause of low nitrate removal.
Table 2 displays exceptional removal efficiencies for most

contaminants tested, but there are certain standards set by the
Montana Department of Environmental Quality (DEQ) and
the United States Environmental Protection Agency (EPA) for
regulating the concentration of harmful contaminants to
ensure a healthy quality of water. According to these standards,
copper should be below 0.00285 mg/L, lead below 0.0006 mg/
L, nitrate below 0.0001 mg/L, and phosphorus below 0.009
mg/L for aquatic life.17,41 Though near-complete removal is
achieved for Cu(II), Pb(II), and PO4

3−, final concentrations
fall short of the trace-level aquatic life standards set by the
DEQ and EPA, indicating higher doses, longer contact times,
or multiple stages are necessary to remove contaminants to
these standards.
Two-stage experiments were performed to begin the

investigation into contaminant removal using multiple stages
on the same solution. Experiments used Cu(II) surrogate
solutions, 20.0 g Fe3O4/L, and were run in triplicate, with data
presented in Table 3. Cu(II) was chosen for initial scoping
experiments, as it is the main focus of prior experimentation

and the most prominent contaminant in the authors’
location.36 Near-complete removal occurred in all cases with
only slight variation between experiments, displaying excellent
experimental reproducibility.
Though, again, over 99% removal is achieved, final

concentrations fall short of the trace-level aquatic life standards
set by the DEQ and EPA. Therefore, additional multi-stage
experiments are needed to determine the minimum number of
stages required to reduce contaminants below DEQ and EPA
aquatic life standards.

4.3. Cycling. Cycling was briefly explored to evaluate the
reusability of bare Fe3O4 particles. One set of cycling
experiments used fresh Fe3O4 after each cycle, circles in
Figure 5, and the other used Fe3O4 that was stripped and

regenerated after each cycle, triangles in Figure 5. The same
solution was used for the entire experiment in both cases, and
solution loss over the course of the experiments was assumed
to be negligible.
Cycling experiments where fresh Fe3O4 was added after each

cycle reached near-complete removal of Cu(II) from the
solution after four cycles, with initial and final concentrations
of 51.11 and 0.035 mg Cu(II)/L, respectively. The solution
containing stripped and regenerated particles took double that
time, at eight cycles, for near-complete removal of Cu(II), with
initial and final concentrations of 51.51 and 0.013 mg Cu(II)/
L, respectively. Some particle loss occurred with the stripped
and regenerated Fe3O4, ending the final cycle with 1.21 g
Fe3O4/L. While the stripped and regenerated Fe3O4 pulled out
more Cu(II) than the fresh Fe3O4, double the number of
cycles was required. For economic considerations, a combina-
tion of fresh particles and stripped and regenerated particles
may be best suited to maximize removal and minimize waste in
a CFMR system.
Further investigation into cycling and the strip and

regeneration process should be considered for future study.
Investigating the optimal balance of fresh and stripped and
regenerated particles will be considered for decreasing the
required cycles to achieve near-complete or complete
contaminant removal. Optimization of the strip and regener-
ation process for copper and specific procedures for other ions
is essential for developing a cost-effective process. Additionally,
determining what other contaminants can be stripped could
increase particle reusability and recovery of reclaimable
contaminants. Finally, studying strip solution cycling to attain
a higher metal content for use in metal recovery processes can
decrease waste production in the CFMR system, creating

Figure 5. Cycling efficiencies for copper removal. Two experiments
were performed using Fe3O4 particles, where one experiment used
stripped and regenerated particles after each cycle (triangles) and the
other used fresh particles after each cycle (circles). The lines
connecting the points are for visual purposes only.
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products from the metal-laden solutions rather than disposing
them.
4.4. Design of Experiments. A statistical design of

experiments was created using Design-Expert 12 to optimize
the adsorption of Cu(II) onto Fe3O4. The design consisted of
two numerical factors, pH and Fe3O4 dose, and one response,
percent Cu(II) removed. The results of the 15 experiments
were input into the Design-Expert 12 statistical design for
analysis by the software. An automatic model selection using
Akaike’s information criterion estimates the quality of each
model relative to other potential models and determines the
terms to be kept in the model; in this case, all terms were kept,
as seen in Table 4. A quadratic model with a square-root
transform was chosen as the best model for the data. Once a
model has been generated, an analysis of variance (ANOVA)
presents statistical tests, where p-values less than 0.05 of the
model and less than 0.1 of the variables suggest significance.
Table 4 displays the ANOVA results, indicating the model and
all factors are significant with p-values less than 0.0001.
Further, fit statistics, displayed in Table 4, can aid in
determining model quality. Differences in R2 terms determine
if the model fits the data and can accurately interpolate points.
Agreement between R2, adjusted R2, and predicted R2 suggests
that the model fits the data. Predicted R2 indicates that the
model can predict responses for new variables. Additionally,
adequate precision, which evaluates the signal-to-noise ratio,
indicates a strong signal for model optimization. Overall, the
ANOVA and fit statistics indicate the generated model is a
good fit for the data.
In addition to ANOVA and fit statistics, diagnostics tools

reveal supplementary information about trends, outliers, and
influences on the model (Supporting Information, Text S2 and
Figure S2). One diagnostic plot is the 3D Response Surface, a
graphical representation of the model, displayed in Figure 6,
with pH on the y-axis, dose on the x-axis, and % Cu removed
on the vertical axis. Figure 6 suggests an acidic pH between 3
and 4.5 and doses above 14 g Fe3O4/L are optimal for Cu(II)
removal.

Six confirmation points were arbitrarily chosen from a list
generated by Design-Expert 12 to evaluate the predictive
capabilities of the model and statistically validate it. Table 5

presents the confirmation point data, where four of the six
points fit within the 95% confidence intervals. One point was
slightly lower, by less than 1%, and one was higher, by less than
5%, than the predicted intervals, italicized in Table 5. As only
two points were marginally outside the ranges calculated by
Design-Expert 12, it was concluded that the confirmation
points indicate a good model with predictive capabilities.

Table 4. ANOVA and Fit Statistics

ANOVA for quadratic model

source sum of squares df mean square F-value P-value

block 0.7482 1 0.7482

model 27.80 5 5.56 5031.13 <0.0001 significant
A�pH 1.38 1 1.38 1247.43 <0.0001
B�dose 16.11 1 16.11 14578.68 <0.0001
AB 2.07 1 2.07 1871.89 <0.0001
A2 0.9061 1 0.9061 819.83 <0.0001
B2 10.90 1 10.90 9862.45 <0.0001

residual 0.0055 5 0.0011
lack of fit 0.0046 1 0.0046 19.56 0.0115 significant
pure error 0.0009 4 0.0002

cor total 28.56 11
fit statistics

std. dev. 0.0332 R2 0.9998
mean 9.33 adjusted R2 0.9996
C.V. % 0.3564 predicted R2 0.9837

adeq precision 221.6938

Figure 6. Diagnostic plot of the 3D response surface for the model of
copper removal by magnetite, varying the pH and dose.

Table 5. Design of Experiments Confirmation Points

confirmation point 95% PI low data mean 95% PI high

1 88.14 96.12 91.95
2 98.07 98.93 101.84
3 97.74 98.51 101.84
4 97.48 96.84 102.25
5 87.93 90.87 92.06
6 87.89 89.56 92.26
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5. CONCLUSIONS
Magnetite use as an adsorbent was examined for the removal of
Cu(II), Pb(II), PO4

3−, and NO3
−. Kinetics experiments

revealed a rapid initial adsorption rate and fit the PSO kinetic
model, suggesting chemical adsorption is the rate-limiting step.
At low doses of Fe3O4, material saturation was reached at low
Cu(II) concentrations, indicating the need for increased doses
of Fe3O4 for high contaminant concentrations. Single- and
two-stage experiments confirmed the need for higher Fe3O4
doses at higher contaminant concentrations, removing over
99% of contaminant ions at initial concentrations of 100 mg/L
with an increased dose of 20 g Fe3O4/L. The model generated
by Design-Expert 12 suggests optimal conditions for sufficient
Cu(II) removal in an acidic pH between 3 and 4.5 and doses
above 14 g Fe3O4/L. Additional parameters, such as contact
time, temperature, and multiple contaminants, should be
considered in future studies to further refine the model.
Overall, results from this study reveal that contaminant
adsorption by magnetite may be a promising, economical,
and simple solution for water pollution. Additionally, the
process can be modified for a variety of applications, including
environmental contamination and prevention of contaminant
release from industrial wastewaters.
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