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ABSTRACT: Cerium oxide/hydroxide adsorbents have emerged
as promising phosphate removal materials due to their excellent
performance and stability. In this study, an engineered cerium
affinity peptide immobilized on a metal surface was utilized to
synthesize a novel, nanoscale, and bio-enabled phosphate
adsorbent. The goal of this work was to characterize the binding
of phosphate and potential competing ions to the novel material,
demonstrating the potential utility of the engineered peptide in
biotemplating applications. Phosphate binding and competing ion
binding with time were investigated via a quartz crystal
microbalance with dissipation (QCM-D). Kinetic modeling of
the QCM-D data revealed that the bio-enabled material facilitated
strong phosphate adsorption behavior in a wide pH range of 3−7. Changing the media from simple phosphate solutions to more
complex synthetic wastewater solutions did not negatively impact the observed binding constants. The main phosphate adsorption
mechanism likely followed a ligand exchange process, with enhanced adsorption achieved by increasing the number of surficial
hydroxide groups. The strong binding behavior observed with phosphate was not observed when the material was exposed to
common competing ions. Overall, this study presents a sequence-defined peptide as a promising tool for the engineering of advanced
phosphate capture materials.
KEYWORDS: phosphorus, adsorption, surface immobilization, peptides, cerium

Phosphorus is an essential nutrient for all living organisms,
generally in the form of phosphate ions; its availability and

accessibility are important to human society.1 However, as a
nonrenewable resource, and with growing demand over the
past few decades, it has been estimated that phosphate supplies
will be depleted in the second half of this century.2 In addition,
due to industrial and agricultural activities, excess phosphorus
readily accumulates in natural water bodies, which causes
eutrophication that threatens aquatic ecosystems.3,4 Motivated
by dwindling phosphate resources and the need to control
phosphate levels in water systems, removal and recycling of
excess phosphate from water bodies has become an urgent
societal issue.
A variety of strategies have been implemented to treat

phosphorus-rich water bodies efficiently. Chemical precipita-
tion is a reliable and well-established process, using iron,
aluminum, magnesium, and calcium salts to react with soluble
phosphate to form solid precipitates.5,6 However, precipitation
is limited by pH and is inefficient at low phosphate
concentrations. Enhanced biological phosphorus removal
requires a low level of chemical usage and can remove the
vast majority of phosphate; however, the range of ideal
applicable conditions is narrow, and they need to be strictly
controlled.7 In addition, physical methods such as membrane
processes (e.g., electrodialysis, reverse osmosis, and nano-

filtration) provide excellent phosphate removal but often have
low selectivity and incur high costs.8,9 Compared to the
treatments described above, processes based on adsorption
represent promising and feasible ways to recover phosphate.
Metal oxide/hydroxide-based adsorption has been one of the
most successful methods and has the following advantages: low
cost, effective at low phosphate concentrations, operable in a
wide working pH range, and simple to operate. Various metal-
based adsorbents have been reported for phosphate capture,
such as Al, Ca, Fe, Mg, Zn, and rare-earth metals.10,11

One of the most abundant rare-earth metals, cerium, has
shown a high affinity for phosphate and stability over a range of
pH conditions. However, few studies have been reported on
Ce-based phosphate removal processes, with a lack of
development of Ce-based materials in contrast to other
metals.12−14 The inclusion of cerium in materials has been
shown to increase the phosphate adsorption capacity. For
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example, Gu et al. fabricated zinc ferrite doped with cerium
and achieved an improved phosphate adsorption capacity that
increased from 5.2 to 41.6 mg/g at 25 °C, showing good
selectivity in the presence of competing anions.15 Su et al.
synthesized mesoporous Ce−Zr binary oxide nanoparticles and
reported an excellent adsorption capacity of 112.23 mg/g.14

Increasing the surface area of the metal oxide/hydroxide
adsorbent by utilizing a support material is often desired. The
selection of a support material depends on many factors,
including cost, adherence of the metal oxide/hydroxide to the
support, and mechanical integrity and stability under the
desired conditions, which can vary.11 The use of bio-derived
supports for cerium-based phosphate adsorbents is becoming a
promising, cost-effective approach to materials design. For
instance, fibrous proteins,16 chitosan,17 and aminated lignin18

have been utilized as supports for cerium-based phosphate
recovery. However, like non-bio-derived options, it is difficult
to tailor the structural and chemical properties of the
composite materials, which represents a major challenge.11

One way to overcome this challenge is through the use of
engineered peptides/polypeptides, which have recently
emerged as powerful templates for the synthesis of highly
controlled, environmentally friendly, inorganic materials.19

However, to date there have been no reports of engineered
peptides being used to develop materials for phosphate
capture, which is the subject of this study.
EF-hand peptide sequences containing helix−loop−helix

motifs have strong affinities for Ce(III) ions20,21 and thus are
promising candidates for cerium-based adsorbent design. We
have shown in a previous study that immobilized EF-hand
peptides have the same affinity for Ce(III) ions as the same
free peptide in solution.22 To demonstrate the potential for
engineered peptides/polypeptides to be used in the develop-
ment of advanced phosphate capture materials, we designed an
EF-hand peptide to specifically capture cerium while
immobilized on a gold substrate and characterized the ability
of the peptide−cerium film to adsorb phosphate in complex
environments.
To assess the binding of phosphate to the peptide−cerium

films, a quartz crystal microbalance with dissipation (QCM-D),
a highly sensitive technique used to analyze molecular
adsorption, was applied in this study. Briefly, QCM-D sensors
resonate at a known frequency, and as material adsorbs to the
sensor, the relative frequency shifts, signifying a change in
hydrated mass. The QCM-D enables the determination of the
amount of adsorbed material on a surface at the nanogram
level and the viscoelastic properties of adsorbed layers in real
time,23,24 which also allows kinetic modeling to be conducted
on the data. The QCM-D sensors can be subsequently
subjected to surface analysis techniques such as Fourier-
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), or time-of-flight secondary ion mass
spectrometry (TOF-SIMS) to confirm the chemical nature of
the adsorbed material.
The objective of this study was to characterize the binding of

phosphate, and potential competing ions, to an immobilized
cerium-loaded peptide to demonstrate its potential utility in
biotemplating and/or development of bio-enabled materials.
The cerium-loaded engineered peptide was expected to
facilitate binding of phosphate to the solid substrate.
Phosphate adsorption was examined via the QCM-D under
different pH and ionic strength conditions, and in simple
phosphate solutions as well as synthetic wastewater. A kinetic

adsorption model was derived and applied to understand the
binding mechanism. The components captured on the gold
surface were characterized using advanced surface character-
ization techniques. Overall, the results demonstrated the ability
of the engineered peptide to be applied in metal-based material
synthesis for efficient phosphate capture for the first time.

■ MATERIALS AND METHODS
Materials. Deionized water used in all experiments was

obtained from Western Reserve Water Systems mixed
deionizer tanks (10 MΩ). Nitrogen gas (N2, 99.99%) was
obtained from Airgas for drying. Sodium dodecyl sulfate
(C12H25NaO4S, 99%) was purchased from Hoefer for QCM-D
module cleaning. For quartz crystal sensor cleaning, a
hydrogen peroxide solution (H2O2, 25%) was purchased
from Sigma-Aldrich and an ammonium hydroxide solution
(NH4OH, 30%) was purchased from Alfa Aesar. Other
chemicals, including cerium chloride heptahydrate (99.9%),
were purchased from Sigma-Aldrich. Calcium chloride
dehydrate (99.0−105.0%), hydrochloric acid (0.995−1.005
N) solution, anhydrous sodium sulfate (≥99.0%), sodium
hydroxide pellets (≥97.0%), and sodium phosphate monobasic
monohydrate (99.9%) were purchased from Fisher Scientific.
Ammonium phosphate monobasic (98%) and magnesium
chloride hexahydrate (99−102%) were obtained from VWR.
Ammonium chloride (ACS grade) and HEPES sodium salt
were obtained from Dot Scientific. Potassium chloride (99%)
was purchased from Alfa Aesar.

Peptide Design. The peptide sequence chosen for this
study (Figure S1) was derived from loop I of calmodulin25 and
previously shown by our group to bind to cerium(III) ions
when immobilized to gold.22 Briefly, the calmodulin-derived
sequence was modified to bind to gold by incorporating a
cysteine on the N-terminus. A flexible glycine spacer was used
to avoid conformationally constraining the calmodulin-derived
sequence. The N- and C-termini were acetylated and amidated,
respectively. The resultant sequence, CGGGDKDGDG-
TITTKE, was purchased from GenScript at ≥95% purity.

Characterization of Adsorption Behavior. QCM-D
Experiments. A QCM-D (QSense Explorer, controlled by Q-
Soft integrated software from Biolin Scientific) was used to
investigate the adsorption of the peptide on gold-coated QCM
sensors, as well as adsorption of cerium and phosphate on the
peptide and cerium-loaded peptide, respectively. Desorption of
phosphate was also monitored by a solvent rinse. All
experiments were conducted in aqueous solutions. The
frequency shifts and dissipation changes were monitored
simultaneously over time. Frequency shifts reflect the mass
gain and loss on the crystal sensor surface, while the dissipation
changes provide the information about the viscoelastic and
mechanical properties of adsorbed layers.26 Cleaning proce-
dures and equations used for QCM-D data analysis can be
found in our previous work.27 Briefly, all experiments were
performed in a flow module at a rate of 150 μL min−1 and at
18 °C with clean gold-coated quartz crystal sensors (QSX 301,
5 MHz, Biolin Scientific). All experiments consisted of
establishing a stable baseline (defined as a <0.5 Hz frequency
shift over 10 min) before a new solution was added. Baseline
solvent solutions were used to rinse the unbound molecules
before the introduction of new solutions. All QCM-D data
were analyzed by QSense Dfind Software (Biolin Scientific),
and the fifth overtone (25 MHz) was used in all data analysis.
All experiments were performed in at least triplicate (n = 3),
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unless otherwise noted. The dissipation change was always low
throughout the experiments (<5% of the frequency change),
indicating rigid layers were formed; therefore, a composite
Sauerbrey model was used for data analysis.28,29

Synthesis of the Peptide−Cerium Layer and Character-
ization of Phosphate Adsorption. Deionized (DI) water
served as the baseline solution prior to the experiment, and
then 10 μg mL−1 peptide in DI water was introduced into the
QCM-D flow module to functionalize the gold-coated crystal
surface. Relative frequency shifts and dissipation changes were
monitored with time simultaneously. After peptide adsorption,
DI water was utilized to rinse weakly bound molecules and
stabilize the frequency for ∼10 min. Then, a 1 mM CeCl3
solution was pumped into the flow module until the frequency
stabilized, and DI water was pumped for 10 min to rinse.
After a stable peptide−cerium layer was achieved, a 1 mM

Na2HPO4 (pH 9.2) solution was introduced, and phosphate
binding was monitored for approximately 30 min using the
QCM-D. After phosphate binding, DI water (pH ∼6.5) was
introduced to monitor desorption behavior until the frequency
stabilized. Similar experiments were performed using neutral
(pH 7.2) HEPES buffer (C8H18N2O4S) as the baseline for
phosphate adsorption and desorption experiments. Note that
HEPES served as a baseline for peptide and cerium adsorption
as well in these neutral buffer experiments only. Kinetic models
were applied to the adsorption and desorption data to
understand binding behavior as explained in Notes 1−5 of
the Supporting Information.
We chose to investigate the potential of this technology to

remove phosphate from swine wastewater, as it has been
suggested that alternative treatments for the recovery of
phosphorus from swine manure are needed to prevent losses of
phosphorus to the environment.30 Various synthetic swine
wastewater compositions have been reported in studies of
phosphate removal.31−33 The synthetic wastewater (pH 5) was
made by adding 438 mg of MgSO4·7H2O, 961 mg of NH4Cl,
104 mg of NH4H2PO4 and 132 mg of CaCl2·H2O to 450 mL
of DI water. Synthetic swine wastewater solutions were
introduced into the QCM module after the assembly of
cerium on the peptide in DI water. To test the binding at
neutral pH, the pH was adjusted to 7 by using a 0.1 M NaOH
solution. The kinetic binding behavior at pH 7 was modeled

and compared to the model of binding of phosphate to
peptide−cerium films in pH 7.2 HEPES buffer.
Figure S2 summarizes each step of the process for forming

the peptide−cerium film on a gold-coated QCM-D sensor and
analyzing the adsorption of ions to the film, including (1)
peptide assembly followed by a solvent rinse, (2) cerium
binding followed by a solvent rinse, and (3) ion capture
followed by a solvent rinse.

Influence of pH on Phosphate Adsorption. The influence
of pH on the adsorption of phosphate to the cerium−
phosphate films was investigated with the QCM-D. The pH of
the 1 mM Na2HPO4 solution was adjusted to 3 or 12 using 0.1
M HCl or NaOH, respectively. After exposure to the
phosphate solutions with the adjusted pH, DI water was
used as the final rinse.

Influence of Exposure to Competing Ions. Using the
QCM-D, competitive ions were tested to preliminarily screen
the selectivity of the peptide for cerium ions, and the selectivity
of peptide−cerium films for phosphate. The competing ions
were prepared at concentrations higher than those of the target
cerium or phosphate ions. Binding of the peptide to Ca2+ ions
(using 10 mM to 1 M CaCl2 in DI water) was characterized,
and the behavior was compared to that of cerium. The binding
of a representative common competing ion SO4

2− (using 250
mM Na2SO4 in DI water) to the peptide−cerium film was
characterized, and the behavior was compared to that of
phosphate ions.

Influence of Ionic Strength on Phosphate Adsorption.
Additional QCM-D experiments were performed in the
presence of a 100 mM KCl solution where the adsorbed
peptide was exposed to 100 mM KCl as the new baseline. The
peptide was then exposed to solutions of CeCl3 (1 mM) and
then Na2HPO4 (1 mM) in 100 mM KCl. This served as a
general test of phosphate binding in the presence of higher-
ionic strength solutions (vs DI water).34 The KCl solution was
used to rinse between steps until the very end of the
experiment when DI water was introduced as a final rinse.

Surface Characterization of Peptide−Cerium Adsorb-
ent Films. Fourier-Transform Infrared Spectroscopy (FTIR).
The presence of the peptide, cerium, and phosphate on the
gold-coated QCM-D sensor was confirmed by using Fourier-
transform infrared spectroscopy (FTIR). A Nicolet iS50R FT-
IR (ThermoFisher Scientific) spectrometer, equipped with a

Figure 1. Kinetic characterization of adsorption and desorption of phosphate to peptide−cerium films reveals a potential binding mechanism. (A)
Relative frequency (black) and dissipation (grey) shifts vs. time of a representative QCM-D experiment where first a stable peptide−cerium film
was formed and then phosphate adsorption was performed, followed by desorption. Red arrows indicate when different solutions were introduced
into the sensor. (B) Modeling of phosphate adsorption data on the cerium−peptide immobilized film. (C) Modeling of phosphate desorption data
during the final DI water rinse process. Red dashed lines represent results of nonlinear least-squares curve fitting in panels B and C, performed using
MATLAB.
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mercury cadmium telluride (MCT) detector and a VeeMAX
III accessory adjusted to 80°, was used. Before all experiments,
the system was purged with pure nitrogen gas and cooled with
liquid nitrogen for 30 min. All samples were made via the
QCM-D process. A clean bare gold sensor spectrum was
collected first and subtracted from sample spectra taken with
appropriate baseline corrections. All spectra were collected
with 2000 scans and a scan resolution of 8000 cm−1.
X-ray Photoelectron Spectroscopy (XPS). X-ray photo-

electron spectroscopy (XPS) experiments were performed with
a PHI Versa Probe 5000 instrument on gold-coated QCM-D
sensor samples to confirm the presence of cerium on peptide-
functionalized samples. A monochromatic Al Kα X-ray source
(hν = 1486.6 eV) was utilized. Survey scans were performed
with a 100 μm beam diameter and an analyzer pass energy of
117.40 eV. The samples were prepared from QCM-D
experiments.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-

SIMS). TOF-SIMS (time-of-flight secondary ion mass spec-
trometry) was used to confirm the presence of thiols (cysteine
from peptides) and phosphate on the surface of the gold-
coated QCM-D sensors. The acquisition was made in negative
mode, and the 30 kV Ga gun was operated in bunched mode
(aperture size of 100 μm). The raster size was 100 μm × 100
μm. All samples were prepared from QCM-D experiments.

■ RESULTS AND DISCUSSION
Characterization of Adsorption and Desorption of

Phosphate to Peptide−Cerium Films. The QCM-D was
used to study the adsorption and desorption of phosphate to
the assembled cerium−peptide films. In QCM-D experiments,
negative or positive frequency shifts reflect a mass increase or
loss on the gold surface, and dissipation shifts correspond to
the mechanical properties of the assembled layer. Figure 1A
depicts the relative frequency shifts and dissipation changes of
a representative QCM-D experiment, where red arrows
indicate when different solutions were introduced into the
flow module. Repeat experiments can be found in Figure S3.
To prepare the peptide−cerium films, DI water served as a
baseline, and then peptides were immobilized to the surface
(the first negative frequency shift), followed by a rinse with DI
water. Then cerium binding occurred (the second negative
frequency shift) when the CeCl3 solution was introduced,
followed by a rinse with DI water till the frequency stabilized.
The adsorption of cerium to the immobilized peptides was
analyzed in our previous study,22 where we found the
dissociation constant (KD) to be 1.3 ± 0.1 μM.
Once a stable peptide−cerium film was formed, a 1 mM

Na2HPO4 solution in DI water was added to the system for
∼30 min to study phosphate adsorption, and then DI water
was introduced to rinse the loosely accumulated ions and study
phosphate desorption. To ensure all binding observed was
hydrated phosphate, no other ions were added to the system;
thus, the pH was not adjusted. DI water had a pH of ∼6.5, and
the 1 mM solution of Na2HPO4 had a pH of 9.2. The
frequency decreased while the dissipation increased upon
addition of phosphate ions, suggesting the salt ions
accumulated on the surface. Upon the introduction of DI
water, a positive frequency shift occurred with a negative shift
in dissipation, indicating the desorption of weakly accumulated
ions. The final frequency stabilized at a value that was lower
than the initial level of the stable peptide−cerium film,
showing that strongly bound material from the phosphate

solution remained on the surface. We estimated the amount of
hydrated phosphate that was strongly bound under these
specific conditions and time frames to be 0.29 ± 0.08 g of
hydrated phosphate/g of hydrated peptide−cerium film
[average ± standard error (n = 6)]. While a direct comparison
of this value to those of other materials is not appropriate due
to the varying conditions, the varying techniques, and in this
case the hydrated nature of the measurement, we note that the
adsorption capacity of cerium-functionalized materials, specif-
ically cerium−zirconium binary oxide nanoparticles, has been
reported to be as high as 0.112 g/g.14

To further investigate the adsorption behavior, a kinetic
model was utilized to fit the data. The derivation of the kinetic
model can be found in Note 1 of the Supporting Information.
The reaction scheme chosen for the model is shown below:

+ *

+ →

FA B AB

A B AB

k

k

k

d

a

t

where A represents phosphate ions and B represents the sites
available for binding. AB and AB* represent the strongly
adsorbed and weakly adsorbed species, respectively. In this
model, it is assumed that the formation of the strongly
adsorbed complex is relatively irreversible. The model derived
from the reaction scheme presented above is biexponential,
represented by eq 1:

= [ − ] +
*

+
[ − ]− − +F B

k AB
k A k

1 e 1 ek A t k A k t
0

( ) a 0

a d

( )t a d

(1)

where F is the relative frequency in hertz, B0* is the maximum
possible frequency shift due to weak phosphate binding (units
of hertz, proportional to mass), B0 represents the maximum
possible frequency shift due to strong binding (units of hertz,
proportional to mass), A is the concentration of phosphate
ions (molar), t is the time (seconds), ka represents the forward
reaction rate constant (M−1 s−1), kd represents the reverse
reaction rate constant (s−1), and kt represents the rate constant
associated with strong binding (M−1 s−1). Prior to fitting, the x
axis was normalized by subtracting the time when the
adsorption started and the y axis was normalized by subtracting
the initial frequency. Nonlinear curve fitting was performed
using MATLAB® to obtain B0, ktA, B0*, kaA, and kd.
Figure 1B shows a representative adsorption data set fit to

the model described in eq 1. A first-order fit and a second-
order fit were also attempted, but they did not describe the
data as well as the biexponential (see Table S1), suggesting
that the model selected for adsorption is appropriate.
For desorption, the equations in Note 1 of the Supporting

Information were adjusted for the special case in which the
phosphate concentration was zero (see the derivation in Note
2 of the Supporting Information). The model reduced to a
single-exponential form represented by eq 2:

= + * −F F F e k t
0 0

d (2)

where F is the frequency, F0 (hertz) corresponds to the initial
frequency shift due to strongly adsorbed phosphate, and F0*
represents the initial frequency shift due to weakly adsorbed
phosphate. The rate of desorption is represented by kd (s

−1).
Nonlinear curve fitting was performed after normalizing the y
axis by subtracting the initial frequency prior to adsorption and
normalizing the x axis by subtracting the time desorption
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started to obtain F0, F0*, and kd. Figure 1C shows
representative desorption data fit to the model described in
eq 2. A second-order fit was also attempted, but it did not
describe the data as well as eq 2 (see Table S1), suggesting that
the model selected for desorption was appropriate.
Control experiments were performed to analyze the binding

of phosphate to the peptide with no cerium (Figure S4A).
Without cerium, the peptide-functionalized surface exhibited
weak affinity for phosphate ions, where any frequency decrease
on the sensor was completely reversed upon exposure to DI
water. This behavior was distinctly different from that observed
when cerium was present. Phosphate also had similar behavior
when interacting with bare gold (Figure S4B). The adsorption
and desorption of phosphate to both the peptide only and bare
gold could be modeled by the equations derived in Note 3 of
the Supporting Information, where there was no irreversible
binding step. This model fits better than a second-order model
and is equivalent to a first-order model (see Table S2).
Overall, the kinetic analysis of adsorption and desorption of

phosphate to peptide−cerium films indicated that the process
occurred in two concurrent steps characterized by weak
reversible ion accumulation and relatively strong binding.
Strong binding occurs only in the presence of cerium,
indicating that cerium bound to the peptide is capable of
phosphate capture.
Once the models were selected, QCM-D monitoring of the

adsorption of phosphate on peptide−cerium films was
conducted in neutral (pH 7.2) HEPES buffer to investigate
the adsorption kinetics in a more relevant water environment
seen in wastewater. In Figure S5, HEPES buffer served as the
baseline, carrier, and rinsing solution. A significant negative
frequency shift represented the binding of phosphate on the
surface, and a minor positive frequency shift reflected the
desorption upon rinsing with HEPES buffer. The models
described in Notes 1 and 2 of the Supporting Information were
applied to the adsorption and desorption curves at pH 7.2; kaA,
kd, and ktA were estimated from adsorption to be ∼4.7, 2.8 ×
10−3, and 8.1 × 10−2 s−1, respectively (reported in Table S3).
We found that the same models that could be applied in simple
solutions could also be applied in pH 7.2 HEPES buffer,
indicating the same binding mechanism was employed.

Influence of pH on Phosphate Adsorption. The effect
of solution pH on the adsorption of phosphate by the
peptide−cerium film was investigated with QCM-D. Figure 2
shows frequency shifts with time when the films were exposed
to phosphate under acidic (Figure 2A) and basic (Figure 2B)
conditions. In Figure 2A, a solution of 1 mM Na2HPO4
adjusted to pH 3 was introduced after the peptide−cerium
film had been stabilized, and DI water was used for a final
rinse. Upon exposure to acidic Na2HPO4, a negative frequency
shift was observed, indicating phosphate adsorbed to the
surface. After the final DI water rinse, the frequency decrease
compared to the previous DI water rinse was lower and thus
related only to strongly bound phosphate captured on the
surface. Therefore, at pH 3, behavior similar to that observed
in Figure 1 was observed. In Figure 2B, a pH 12 NaOH
solution was used to rinse after the formation of a stable
peptide−cerium film and a solution of 1 mM Na2HPO4
adjusted to pH 12 was introduced after the rinse. A clear
frequency decrease can be observed after NaOH was
introduced, which we speculate is hydroxyl ions captured by
cerium on the surface. Then the 1 mM Na2HPO4 solution at
pH 12 was introduced, and a negative frequency shift occurred
but was completely reversed after a further NaOH rinse,
indicating weak ion accumulation was occurring without a
strong binding step. To investigate the reversibility of the high-
pH effect, a DI water rinse was performed and a 1 mM
Na2HPO4 solution (same as Figure 1A, pH 9.2) was pumped
in. A significant negative frequency shift was observed, with the
frequency remaining low upon rinsing, indicating the recovery
of the behavior observed in Figure 1 where strong binding also
took place. Notably, the amount of strongly bound phosphate
that was present after exposure to NaOH was more than in the
experiments in Figure 1 (∼5 Hz greater frequency shift
observed). This phenomenon could be due to more Ce−OH
formation during the high-pH treatment. The additional −OH
groups may have remained on the cerium after a DI water
rinse, thus providing more active binding sites for phosphate
adsorption.35,36 pH is a critical parameter that affects
phosphate adsorption. It has been well accepted that the
dominant mechanism of adsorption of phosphate to a metal-
based adsorbent is inner-sphere complexation via ligand

Figure 2. QCM-D experiments demonstrate that pH has a significant impact on the adsorption of phosphate to peptide−cerium films. Peptide and
cerium adsorption occurred in DI water prior to exposure at extreme pH values. (A) Peptide−cerium films exposed to 1 mM Na2HPO4 (pH 3).
(B) Peptide−cerium films exposed to 1 mM Na2HPO4 (pH 12), followed by re-exposure of the film to 1 mM Na2HPO4 in DI water (pH 9.2). Red
arrows indicate when different solutions were introduced into the sensor.
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exchange between phosphate and hydroxyl groups.37 However,
other processes of electrostatic force and hydrogen bonds have
also been reported. Under aqueous conditions, phosphate
species can exist as H3PO4, H2PO4

−, HPO4
2−, and PO4

3− (pKa

values of 2.1, 7.2, and 12.3).10 When the pH increases,
deprotonation processes occur on metal-based adsorbents,
leading to more negative surficial charge. In addition, as the pH
increases, there are more negatively charged phosphate species,
and electrostatic force changes from attraction to repulsion
between adsorbents and phosphate.38 Moreover, the ligand
exchange process releases hydroxyl groups and prefers acidic
conditions. At high pH, competition between phosphate ions
and the excessive hydroxyl groups has been cited to decrease
phosphate adsorption.39

The results show that strong binding preferentially occurs
under acidic conditions, while at pH 12, due to the
electrostatic repulsion and hydroxyl competition, strong
binding no longer occurs. This phenomenon can be reversed
by changing the environmental pH conditions, demonstrating
the reusability and stability of this adsorbent. Moreover, this
behavior provides the potential to improve surface functional
sites of the peptide−cerium adsorbent under high-pH
condition treatments, showing the ability to further enhance
phosphate adsorption. Overall, our results corroborate the
findings that pH is a critical parameter affecting the adsorption
mechanisms of phosphate aqueous solutions and are similar to
those of previous studies, in which the maximum adsorption
capacity for cerium materials is under acidic to neutral
conditions.15,16,18,40

Influence of Competing Ions on the Assembled
Peptide−Cerium Films. Selectivity is an important factor
for metal-based adsorbent design when considering use in a
complicated wastewater environment.41 Selected ions were
introduced to the peptide−cerium films, and adsorption
behavior was monitored using the QCM-D. In this study, we
chose common ions found in wastewater sources, including
Ca2+, a cation that could affect the adsorption of cerium to the
peptide, and SO4

2−, a representative anion that has been

reported to influence the adsorption of phosphate to metal-
based adsorbents and biotemplated hybrid films.42,43

Figure 3A shows QCM-D experiments performed with Ca2+.
In this experiment, calcium ions were added after peptide
immobilization and subjected to a DI water rinse. Then, a
higher-concentration calcium solution was introduced, fol-
lowed by a final DI water rinse. Calcium ions appeared to have
a weaker affinity for the peptide, as evidenced by the complete
rinsing off of the ions upon exposure to DI water at both low
and high concentrations, where the relative frequency returned
to the same value that was found prior to the introduction of a
calcium solution. The adsorption behavior is very similar when
calcium chloride is exposed to bare gold (Figure S6A). These
experiments imply that the affinity of the bound peptide for
calcium ions is not as strong as that for cerium under these
conditions, which has also been observed previously in
solution.25 We also note that phosphate did not demonstrate
the same binding behavior when introduced into the peptide
exposed to calcium instead of cerium (Figure S6B). The
presence of calcium can form coprecipitates with phosphate
(Ca−P);44,45 however, the precipitates showed no affinity for
the peptide layer. These results in Figure 3A and panels A and
B of Figure S6 suggest that the peptide has a high affinity for
cerium and that calcium is not a competing ion that will
disturb phosphate adsorption.
Figure 3B shows the results of a QCM-D experiment in

which the peptide−cerium film was exposed to 250 mM
Na2SO4 in DI water, followed by a DI water rinse. In
wastewater, multivalent anions with a higher charge density
have been reported to nonspecifically adsorb more easily.46 In
this experiment, it was observed that at a high concentration of
SO4

2−, the frequency decreased but returned to the original
value upon exposure to a DI water rinse. This behavior was
distinctly different than when the film was exposed to
phosphate (at 1 mM), where strongly bound material
remained upon a DI water rinse. This different behavior
suggests sulfate is not a strong competitor in the adsorption of
phosphate process to our peptide−cerium film.

Figure 3. QCM-D monitoring of frequency changes vs. time reveals weaker binding of selected competitor ions to the peptide−cerium films
compared to phosphate. (A) Calcium, a potential competing cation for adsorption of cerium on the peptide, was assessed by introducing solutions
of CaCl2 (1 mM) to a peptide-functionalized gold-coated sensor, performing a DI water rinse, introducing a higher concentration of calcium ions
(100 mM), and performing a final DI water rinse. (B) Sulfate, a potential competing anion for adsorption of phosphate on the peptide−cerium film,
was assessed by introducing a 250 mM Na2SO4 solution after stable peptide−cerium film formation followed by a DI water rinse. Red arrows
indicate when a new solution was introduced into the QCM-D sensor.
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Characterization of Phosphate Adsorption in Syn-
thetic Wastewater. Prior to the synthetic wastewater testing,
the effect of ionic strength on the adsorption of phosphate to
the peptide−cerium film was evaluated in 100 mM KCl as the
carrier and rinse solution (Figure S7).47 Phosphate appeared to
adsorb, and the smaller frequency shift after a KCl rinse
indicated strongly bound phosphate remained on the peptide−
cerium surface in the KCl environment. To investigate the
behavior in complicated water environments, phosphate
adsorption of the peptide−cerium film in a synthetic
wastewater medium was tested via a QCM-D, and the samples
were characterized by surface analysis methods described in
the next section to confirm the presence of phosphate and
other surface components. A synthetic wastewater solution
containing Mg2+, SO4

2−, NH4
+, Cl−, and Ca2+ mixed with

phosphate was introduced after the peptide−cerium film
formed, followed by a DI water rinse (Figure 4). The
difference in frequency between the final DI water rinse and
the stabilized peptide−cerium film was attributed to strongly
bound phosphate. As shown in Figure 4A, upon exposure to
pH 5 wastewater, a significant permanent frequency decrease
of ∼9 Hz indicated strongly bound material adsorbed to the
peptide−cerium film, whereas the strongly bound material
corresponded to ∼1 Hz at pH 7 (Figure 4B). The results of
repeat QCM-D experiments in synthetic wastewater can be
found in Figure S8. We attributed the different binding in this
time frame to the effect of pH, where more acidic conditions
contribute to stronger electrostatic attraction between the
adsorbent and phosphate ions, decreasing the binding energy
of dominant phosphate species and providing a favorable
environment for ligand exchange. This observation matched
our previous pH effect results and is supported by other
studies, as well, which have observed a higher level of
phosphate binding under acidic conditions.13,16,18,48 Control
experiments with synthetic wastewater (pH 7) exposed to bare
gold-coated crystal sensors and exposed to the peptide without
cerium can be found in Figure S9. Generally, no strongly
bound materials remained after a DI water rinse on bare gold
or on peptide films without cerium.
The QCM-D adsorption data obtained when the peptide−

cerium films were exposed to synthetic wastewater at pH 7
were modeled using eq 1 to obtain kinetic constants [R2 =
0.996 (Figure S10)]. Table S3 shows the results of the
modeling, and that the constants are generally comparable (on

the same order of magnitude) as constants found when
modeling phosphate adsorption in HEPES buffer at pH 7 using
eq 1. The constant kt, associated with the relatively strong
phosphate binding that occurs only in the presence of cerium,
was found to be ∼0.07 s−1 mM−1 in the synthetic wastewater
experiment at pH 7, compared to ∼0.08 s−1 mM−1 in HEPES
buffer at pH 7. The agreement of the constants further
supports the assumption that phosphate is adsorbing via the
same mechanism in both experiments. Thus, the model may be
useful for estimating the length of time to reach equilibrium at
a given phosphate concentration (Figure S11).

Surface Characterization of Peptide−Cerium Adsorb-
ent Films. The composition of the gold surface after
functionalization with peptide, cerium, and phosphate was
investigated by FTIR, XPS, and TOF-SIMS. All samples
consisted of gold-coated crystal surfaces with components
assembled via the QCM-D. Rinse steps with DI water and
nitrogen drying were always employed prior to analysis. Figure
5 summarizes the FTIR spectra of samples of the peptide
assembled on the gold surface, peptide−cerium films, peptide−
cerium films exposed to a simple phosphate solution [1 mM
Na2PO4 (pH 9.2)], and peptide−cerium films exposed to
synthetic wastewater (pH 5). All samples were scanned in the
range of 4000 to 650 cm−1 and are represented with the gold
background subtracted. The peaks at 1650 cm−1 (blue dashed
lines) were assigned to amide I vibrations from CO
stretching and confirmed the presence of the peptide on
gold because CO is a main component of the peptide
backbone.49 The peaks at 3400 cm−1 (green dashed lines) were
assigned to −OH stretching vibrations from Ce−OH groups.50

These peaks appeared in samples exposed to cerium ions (all
samples except peptide only). In Figure 5D, the significant
decrease in −OH vibrations compared to Figure 5B was
attributed mainly to phosphate adsorption and supported a
ligand exchange mechanism. The adsorption of cerium on
peptide-functionalized gold surfaces was also confirmed by
XPS, as shown in Figure S12.
The FTIR peaks observed around 1050 cm−1 (red dashed

lines) were assigned to a combination of the asymmetric
stretching vibrations of P−O and the stretching vibrations of
PO.51 These strong adsorption peaks appeared when the
peptide−cerium film was exposed to phosphate in solution,
confirming that phosphate binds to the peptide−cerium film
upon exposure to simple solutions, as well as synthetic

Figure 4. QCM-D monitoring of relative frequency shifts vs. time for peptide−cerium films exposed to synthetic wastewater reveals similar binding
behavior compared to that in simple buffered solutions. (A) Stable peptide−cerium film exposed to synthetic wastewater at pH 5. (B) Stable
peptide−cerium film exposed to synthetic wastewater at pH 7. DI water was used as the baseline and the final rinse.
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wastewater at pH 5. It was observed that the intensity of the
hydroxyl peak at 3400 cm−1 relatively decreased after the
peptide−cerium film was exposed to a simple phosphate
solution. A relatively larger decrease in the intensity of the
hydroxyl peak was observed after exposure to synthetic
wastewater at pH 5. This decrease at 3400 cm−1 was attributed

to the formation of more Ce−O−P coordination bonds that
replaced Ce−OH bonds. The synthetic wastewater experiment
was conducted at a lower pH compared to the pH 9 phosphate
adsorption experiment, which was thought to enhance
electrostatic interactions as well as ligand exchange, as
discussed in the previous section.
The presence of O−P−O groups and sulfur in samples

exposed to synthetic wastewater (pH 7) was also confirmed by
TOF-SIMS (Figure 6). When the data are normalized to total
counts, there is an order of magnitude increase in the
magnitude of the O−P−O signal and the S signal in the
wastewater sample compared to those of bare gold, indicating
the presence of phosphate and the attachment of peptides.
Overall, the surface characterizations demonstrate that the
peptide−cerium films were viable in complex environments
and capable of binding phosphate.

■ CONCLUSIONS

In this work, an engineered peptide assembled on gold was
utilized to immobilize cerium, forming a novel adsorbent film
for phosphate capture. We aimed to characterize the binding of
phosphate, and potential competing ions, to the peptide-
facilitated adsorbent film to demonstrate the capacity of the
engineered peptide to be utilized in bio-enabled materials
development. The binding behavior was analyzed via a QCM-
D, and kinetic modeling revealed that the presence of cerium
enabled strong phosphate adsorption versus more reversible
weak adsorption, which occurs on samples without cerium.
Testing performed under different pH conditions suggested
the strong phosphate binding behavior preferentially occurred
in a wide acidic pH range (3−7) for peptide−cerium films.
The level of strong binding decreased with an increase in pH
and disappeared at pH 12. The adsorption mechanism likely
followed inner-sphere complexation via a ligand exchange

Figure 5. FTIR confirms the presence of phosphate in peptide−
cerium films. Spectra of (A) the peptide assembled on a gold crystal
sensor, (B) the peptide assembled layer exposed to a cerium solution
(CeCl3), (C) the peptide−cerium film exposed to a phosphate
solution (1 mM Na2HPO4), and (D) the peptide−cerium film
exposed to synthetic wastewater at pH 5.

Figure 6. TOF-SIMS mapping of the total secondary ions acquired in negative mode (left) and the normalized ratio of O−P−O groups (middle)
and sulfur bonds (right) over the total counts. The top sample (A) is the bare gold-coated crystal sensor, and (B) the bottom sample is the
peptide−cerium functionalized gold-coated crystal sensor exposed to simulated wastewater (pH 7). Samples were made via QCM-D.

ACS ES&T Water pubs.acs.org/estwater Article

https://dx.doi.org/10.1021/acsestwater.0c00001
ACS EST Water 2021, 1, 58−67

65

https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.0c00001?fig=fig6&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://dx.doi.org/10.1021/acsestwater.0c00001?ref=pdf


process. The adsorption performance was improved by base
pretreatment, suggesting further performance enhancement
may be possible by modifying the material with surficial
hydroxyl functional groups. QCM-D monitoring of selected
competing ion adsorption revealed that the bound peptide has
a greater affinity for cerium ions than for calcium ions. In
addition, sulfate, a competitor ion for phosphate adsorption,
did not exhibit the same strong binding behavior as phosphate
on the peptide−cerium films. The strong binding of phosphate
to peptide−cerium films was also maintained under high-ionic
strength conditions. Upon exposure to synthetic wastewater,
strong adsorption behavior was observed, and the kinetic
binding constants were comparable to those of simple buffered
solutions, suggesting similar binding mechanisms were being
used. In general, this work introduces a novel way to create
advanced phosphate capture materials with high phosphate
affinity in relevant wastewater environments, via the use of
engineered peptides. Future work will expand on the
applications of this peptide to bind cerium to other substrates,
and advanced material characterization techniques will be
utilized to understand the impact of the peptide on cerium
distribution in those materials. By utilizing the peptide to
control the attachment of cerium, new materials for a range of
different wastewater environments can be created.
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