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ABSTRACT: Heavy metal pollution continues to be one of the most serious
environmental problems which has attracted major global concern. Here, a rapid, highcapacity, yet economical strategy for deep cleaning of heavy metals ions in water is
reported based on amidoxime-functionalized macroporous carbon electrode materials.
The active sites of our material can be self-refreshed during the electrochemical
removal process, which is diﬀerent from traditional methods. The novel ﬁlter device in
this work can purify contaminated water very rapidly (3000 L h−1 m−2), and can
decrease heavy metal ion concentrations to below 5 ppb with a very short contact time
(only 3 s). The original treatment eﬃciency of the device can be retained even after 1
week of continuous device operation. An extremely high removal capacity of over 2300
mg g−1 can be achieved with 2−3 orders of magnitude higher eﬃciency than that of
surface adsorption-based commercial ﬁlters without any decay. Additionally, the cost
of energy consumed in our method is lower than $6.67 × 10−3 per ton of wastewater. We envision that this approach can be
routinely applied for the rapid, eﬃcient, and thorough removal of heavy metals from both point-of-use water and industrial
wastewater.

■

INTRODUCTION
Unlike organic pollutants, heavy metal pollutants in water,
including lead, mercury, copper, nickel, chromium, and
cadmium, etc., originating from industrial emission such as
energy production, mining, electroplating, and microelectronics, do not degrade but instead accumulate in living
organisms through the food chain.1−3 After being enriched in
the body, even trace heavy metal ions may lead to serious
disease, such as itai−itai disease, minamata disease, or even
cancer.4−6 Those global risks are constant reminders of the
importance of developing eﬃcient and economical methods to
remove heavy metals from polluted water.7−12
The approaches for heavy metal ion removal in water mainly
involve chemical precipitation,13,14 microbial treatment,15−17
electrodeposition,18−26 and physical/chemical adsorption.27−49
Chemical precipitation is a strategy to form a separable solid
substance from water. This technique can target very speciﬁc
components through diﬀerent reagents to achieve a high
degree of selectivity. However, because large amounts of
reagents are generally needed, the cost is often very high, and
the behavior of dissolution equilibrium limits the depth of
treatment. Furthermore, the heavy-metal-containing silt which
is generated becomes a further disposal problem. Microbial
treatment is a safe, clean, and environmentally friendly
technology, especially for heavy metal removal. Nevertheless,
© 2019 American Chemical Society

the process of treatment is very complicated and involves
biosorption, extracellular precipitation, intracellular accumulation, and exocytosis.50 The intracellular accumulation
requires energy consumption provided by the metabolic
control system of bacteria, and it takes a long period of time
to complete, limiting the removal eﬃciency of the whole
process. Electrodeposition is also a general method used to clean
industrial wastewater. The strong electric ﬁeld causes ion
migration followed by rapid deposition on electrodes.
However, the lack of active sites for ions limits the removal
performance and causes more energy waste. Adsorption is
another classic and eﬀective approach for processing heavy
metal pollution. Numerous novel adsorbent materials for heavy
metal removal, such as graphene oxide, carbon nanomaterials,
resin, metal−organic frameworks (MOFs), and dendrimers,
were reported recently. Unfortunately, adsorption always
suﬀers from some technical bottlenecks: (1) With pore
blockage, micropore or mesopore structures are commonly
used to increase the surface area, but can easily be fouled and
blocked. (2) With ﬁnite active sites, after long-term ﬁltration,
the surface adsorption sites continue to be occupied, and
capacity is reduced. (3) With slow ion diﬀusion, ions can only
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be captured when they contact the ﬁlter, and ion diﬀusion rate
can largely impact the contact probability. With normal levels
of water ﬂow, the ion diﬀusion rate is so slow that the ﬁlter
needs a large mass loading to satisfy high treatment rate
demands. (4) With chemical/physical adsorption equilibrium
issues, diﬀerent binding energies of functional groups have a
great impact on absorption; weaker binding energies facilitate
easier desorption. In general, every single technique cannot
perfectly satisfy the high demands of water treatment. In this
work, we successfully integrate the superiority of each
technique above to demonstrate an eﬃcient electrochemical
ﬁlter device for heavy metal removal. Our approach utilizes a
speciﬁcally modiﬁed macroporous carbon electrode which can
perfectly solve the aforementioned issues.
As an electrode substrate, the macroporous carbon felt was
used to decrease the pressure drop of ﬂowing water and
increase the saturation of physical space to a great extent. As
one of the best hydrophilic functional groups, the amidoxime
groups modiﬁed on the electrode surface largely intensiﬁed the
adsorption of heavy metals and lowered the impedance of the
material when compared with an unmodiﬁed electrode. By
increasing the driving force of ion migration, the direct current
not only enhanced ion transport but also electrochemically
reduced the coordinated metal ions to elemental metal, thus
releasing active sites and constantly regenerating the ﬁlter. The
as-designed ﬁltration device was used for the treatment of the
simulated water samples and obtained excellent performance.
It achieved not only a deposition capacity of over 2300 mg g−1
but also a treatment eﬃciency of 3000 L h−1 m−2, enabling the
removal of heavy metals to concentrations of below 5 ppb (μm
L−1) (safe drinking limits51−54) within 3 s. The cost of energy
consumed during operation is lower than $6.67× 10−3 per ton
which is extremely low (Note S1). These performance
parameters demonstrate that this novel ﬁlter not only has
high eﬃciency, capacity, and water cleaning power, but also
requires low energy costs and is easy to set up.

Scheme 1. Working Principle of the Water Filtration
Devicea

a

(a) The contaminated water vertically passes through the electriﬁed
polymer-modiﬁed carbon felt, and directly exits as drinkable water.
(b) Schematic of heavy metal ions removal: ① Migration of metal ions
by electric ﬁeld. ② Capture of metal ions by functional groups. ③
Metal ion reduction. ④ Active site refreshment. (c) The chelation
mode of amidoxime with metal ions.

but also maintain its treatment eﬃciency because of the
renewable active sites. We adopted an amidoxime group for
functionalizing the carbon felt electrodes because of its
superior adsorption ability for metal ions resulting from their
coordination active sites. As schematically shown in Scheme
1c, the stable eﬀect of the ﬁve-membered rings allows the
metal to be intensely chelated through transformation from the
imino-hydroxylamine form to the amino-oxime form.55−57
Figure 1a−c shows the scanning electron microscopy (SEM)
images of the carbon felt electrodes with and without
amidoxime functionalization, along with the photograph of
carbon felt fully dipped in water. The amidoxime group
functionalization successfully makes the CF electrodes very
hydrophilic with strong ion coordination activity. As
demonstrated in Figure 1a, for the sample without
modiﬁcation, a gas layer would form on the surface due to
the well-known hydrophobicity of bare carbon materials. The
CF electrode, however, can be easily wetted by water after
modiﬁcation.
The modiﬁcation processes of carbon felt is relatively strict
in terms of the conductivity, loading mass, and uniformity but
easily prepared. Commercial CF with pore sizes of tens to
hundreds of micrometers and a connected network structure is
an ideal substrate as a ﬁlter. Polyacrylonitrile (PAN) and Super
P (active carbon) were mixed with DMF to get a PAN/C
slurry and was coated on the surface of CF to get PAN/C@CF
(PCCF). After reaction with hydroxylamine hydrochloride,
most of the nitrile groups are replaced by amidoxime
groups,58−60 forming the modiﬁed electrode, herein referred
to as PAN-ami/C@CF (PACCF). As seen by SEM, this
amidoxime-modiﬁed CF consists of ﬁbers with 20 μm diameter
that were coated with a very thin polymer layer (Figure 1c).
The activated carbon nanoparticles bound by the polymer on
the surface of the ﬁber are around 30 nm in size (Figure S2)
and can oﬀset the decrease of conductivity from the polymer
shell while also enhancing the electrode surface area. FTIR was
employed to conﬁrm the presence of the amidoxime group
based on the enhanced peak at 2242.36 cm−1 corresponding to
the CN bond of PCCF (Figure 1d). After the amidox-

■

RESULTS AND DISCUSSION
Schematic of the Filtration Device and Preparation
of Electrode Material. We design an electronic device loaded
by polyamidoxime-modiﬁed carbon felt (CF) to deal with
heavy metals in ﬂowing water for drinking or other demands
(Scheme 1a and Figure S1). As shown in Scheme 1b, a directcurrent (DC) two-electrode device was built with the
contaminated water ﬂowing through the positive and negative
CF electrodes which operate under an external electrical bias.
Aided by the external electric ﬁeld, the migration, ﬁxation,
reduction, and aggregation of heavy metals in polluted water
occur. The water puriﬁcation processes can be explained
through the following four steps. (1) The external electric ﬁeld
drives the migration of the cations to the surface of the cathode
to form the double layer (DL). (2) The amidoxime groups are
deprotonated to enable their ion coordination behavior
(Scheme 1c). The heavy metal ions located at the inner
layer of the DL become tightly captured. (3) The chelated
cations were then reduced to their metallic state by electron
injection. As additional heavy metal ions are reduced at the
electrode surface, the deposited metals grow into nanoparticles. (4) After the metal ions are reduced, their previously
occupied active sites are set free and can be reused to accept
new cations. This electrochemical method, through the
combination of the electric-ﬁeld-driven eﬀect and functional
group ﬁxation, can not only achieve a rapid treatment speed
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electrode surface, allowing the contaminated water to pass
through the ﬁlter without removing heavy metal ions. In
contrast, after coating, most cations can directly contact the
electrode surface and be chelated by amidoxime groups,
reduced, and electrocrystallized in situ as metal (Figure 1g).
Because the polymer is nonconductive, after polymer coating,
the electrode conductivity would decrease largely. However,
for bare CF in water, the air gap also prevents electron transfer
and lowers the eﬀective electrode conductivity. After coating
the CF with the PAN-ami/C shell, not only is the air gap
removed but the conductivity is also improved through the
presence of carbon black nanoparticles. As a result, in the
electrical impedance test, the resistance of CF was 10 times
higher than that of modiﬁed CF (Figure S4).
In consideration of their high toxicity and broad health
impact, 100 ppb copper, cadmium, and lead ions were used to
simulate contaminated water which was used to evaluate the
performance of the ﬁltration device. Cadmium ion accumulation causes lung cancer, osteomalacia, and proteinuria after
long-term bodily absorption.61 Lead exposure can result in
anemia, encephalopathy, and nephropathy.62 Exceeding safe
limits of copper can also induce necrotizing hepatitis and
hemolytic anemia.63 These three heavy metal ions are common
elements present in industrial sewage discharge. As such, we
chose them as typical examples of heavy metal ions for the
puriﬁcation experiments. According to the World Health
Organization (WHO) standard, the safety limits for copper,
cadmium, and lead are 1.3, 0.005, and 0.015 ppm, respectively.
At these concentrations, the solutions have no visible
diﬀerence when compared to deionized water but still pose
risks to body health. Under 10 V of direct current (DC), the
contaminated water passes through our ﬁltration device
continuously with a ﬂow rate of 5 mL min−1. After ﬁltration,
the concentrations of these three metal ions are decreased to
below 5 ppb, which is below WHO safe levels. We also
demonstrated the ﬁlter material works for Hg+ removal as well
(Figure S5).
Performance of the Electrode Material and Assembly
Device. There are four important performance metrics for
water ﬁlters: capacity, eﬃciency, stability, and cost. Here, the
capacity of the materials is the maximum extraction mass of
metal ions from contaminated water, which is one of the most
important performance parameters to estimate the operation
life of the ﬁlter. The stirring system shown in Figure 2a was
employed to test this maximum extraction capability of the
coated carbon materials (PACCF) under higher ion concentrations. PACCF was used as the working electrode, and a
graphite rod served as the counter electrode. The target water
used here had initial concentrations each of Cu2+, Cd2+, and
Pb2+ of ∼1000 ppm (Figure S6a−c). Figure 2b illustrates the
removal curve of the heavy meals with and without external
bias. Over 99.9% of heavy metal ions can be removed by the
electrode (1 cm2 × 0.318 cm) from 15 mL of the 1000 ppm
simulated water after 2 h of electrodeposition. In terms of the
activated mass loading of PAN-ami, the total extracted mass
can be over 2300 mg g−1 (Cu, 2300 mg g−1; Cd, 2600 mg g−1;
and Pb, 2800 mg g−1) of ﬁlter (Figure 2b). The PACCF ﬁlter
is saturated from only physical absorption (no bias) at a
capacity of ∼240 mg g−1, representing a removal eﬃciency of
∼4% for a 1000 ppm solution as compared to 99.9% removal
for the case with bias. Combining the above data of the
extraction mass with and without bias using the same amount
of ﬁlter in Figure 2b, it is clear that the ﬁlters under bias

Figure 1. Characterization of the ﬁltration electrode. (a) Hydrophilicity test in water. The blank CF was covered by a gas ﬁlm. (b, c)
SEM images of a single ﬁber of Blank CF and PACCF, respectively.
(d) XPS spectra (N 1s) of PACCF. The red line is attributed to
−NOH at 399.8 eV; the pink line is attributed to −NH2 at 400.6 eV;
the blue line belongs to −CN at 401.2 eV. (e) Fourier transform
infrared spectroscopy (FTIR) spectrum of materials coated with PAN
before and after amidoximation reaction. Four blue dashed lines mark
the new signals after reaction. (f) Permeability test of water droplet
(side view). The droplet can instantly pass through the PACCF and
wet the tissue printed logo (top view). (g) Schematic of metal ions in
ﬂowing water to explain the hydrophilic eﬀect.

imation reaction, many new peaks appeared at 905.42,
1595.32, 3183.42, and 3327.09 cm−1 in the spectra of
PACCF, which correspond to NO, CN, NH, and
OH, respectively. In the X-ray photoelectron spectroscopy
spectra (Figure 1e) of PACCF, three N 1s peaks are clearly
visible, with the percentage contribution of the peaks of
16.73% (CN), 42.48% (NH2), and 40.79% (NOH),
reﬂecting a ∼70% conversion of nitrile groups to amidoxime
groups.
As mentioned above, the polymer coating can largely
improve the hydrophilicity of the carbon ﬁber surface and
their conductivity in water. To support this, the electrodes
before and after coating were tested as shown in Figure 1f and
Figure S3. When a water droplet fell onto the top face of the
materials, the unmodiﬁed commercial CF could hold the
droplet on the surface for over 30 s while PACCF was soaked
instantly (less than 0.1 s), and the droplet wet the tissue below.
This hydrophilicity arises from the full coverage of the
modiﬁed surface of the carbon ﬁbers fully by amino and
oxime groups which can form hydrogen-bonds with H2O
molecules. On the unmodiﬁed CF, the hydrophobic surface
leads to the air gap around the ﬁber when in contact with
water, which will prevent the metal ions from contacting the
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Figure 2. (a) Stirring system for capacity tests (high concentration). (b) Electric ﬁeld eﬀect on capacity of PACCF in the stirring system with
∼1000 ppm Pb2+, Cd2+, Cu2+ contaminated water, respectively. (99.9% removal within 2 h. The electrode size is 1 cm2 × 3.18 cm. The polymer
loading weights are 5.9, 5.5, and 5.8 mg.) (c) Eﬀects of diﬀerent methods on capacity of the PACCF and commercial ﬁlter (mainly contains active
carbon and resin) of the same size. (d) A half-modiﬁed electrode with PACCF and bare CF was used to treat the contaminated water (Pb2+, Cd2+,
Cu2+ mixture, 1000 ppm each). The SEM and EDX images of two diﬀerent ﬁbers showed that the PACCF half removed signiﬁcantly more heavy
metals.

Figure 3. (a) Optimization test of ﬂowing water device on voltage and ﬂow rate (100 ppb of starting concentration, 5 mL min−1 of ﬂow rate). (b)
Flowing water treatment comparison between CF and PACCF in the same optimum condition (100 ppb of starting concentration, 5 mL min−1 of
ﬂow rate, 10 V). (c) Remaining concentrations for long-term ﬂowing with single ion (Cu2+, Cd2+, Pb2+) simulated water (∼100 ppb). The heavy
metal ion concentration in the output water is below the drinking safety level (100 ppb of starting concentration, 5 mL min−1 of ﬂow rate, 10 V).
(Note: each point of 0 mL is tested on the ﬁrst 5 mL of ﬁltrated water by ICP-MS.)

signiﬁcantly outperform those without bias. In the comparison
with commercial ﬁlters made from activated carbon and ionexchange resin, our material also achieved a higher removal
capability (Figure 2c), strongly indicating the superiority of our
proposed electric-ﬁeld-driven chemical adsorption/deposition
method relative to traditional adsorption. To obtain further
proof, a half-modiﬁed electrode (CF and PACCF) was tested
in a 1000 ppm mixed contaminated water solution under
stirring as shown in Figure 2d. After removal for 2 h, the SEM
and EDX images of ﬁbers on each half showed that many
particles deposited on the surface of PACCF while there was
nearly nothing deposited on the bare CF. This behavior can be
mainly attributed to the hydrophilic surface and chelation
groups. The similar experiment illustrated in Figure S7 also

suggests that the PAN-amidoxime/Au can eﬀectively extract
more heavy metals with bias than that of a bare Au substrate.
To ﬁnd the optimal ﬁlter voltage and ﬂow rate for purifying
water to meet safety standards, a series of removal experiments
for ∼100 ppb contaminated water were conducted. The
ﬂowing system is shown in Figure S1. First, the voltage was
ﬁxed at 0 V with the DC electrical source, and the ﬂow rate
was adjusted to 5, 10, 15, and 25 mL min−1. The ﬁnal
concentration of the metal ions in the test solution was then
tested by inductively coupled plasma mass spectroscopy (ICPMS) after ﬁltration. The voltage was then varied to diﬀerent
values of 2.5, 5, 10, and 15 V, and the remaining concentration
of metal ions was tested for each solution ﬂow rate. Figure 3a
and Figure S6d−f show the ﬁnal concentrations of Cu2+, Cd2+,
and Pb2+ after ﬁltering the ∼100 ppb contaminated water with
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various ﬁlter voltage biases. Higher removal eﬃciency was
achieved for all ions with higher bias voltages and lower ﬂow
rates. A higher voltage can accelerate the ion migration by
providing a much stronger electric ﬁeld, while slow ﬂow of
incoming solution can increase the residence time of ions near
the ﬁlter to increase possibility of ion capture. However, a
voltage above 10 V is not preferred due to unwanted side
reactions like water splitting; this would strongly hinder the
electrochemical deposition process due to the energy
consumption by side reactions. Finally, a ﬂow rate of 5 mL
min−1 and a voltage of 10 V were found to be optimal for
achieving safe water with the lowest cost through this
electrochemical ﬁltration process. We also compare the
removal eﬃciency for the commercial CF with our developed
material. It can be seen that the commercial CF achieves a
limited eﬃciency with 50∼60% heavy metal removal, which is
signiﬁcantly lower than that of PACCF (over 95%). Our
results suggest the importance and eﬀectiveness of the
modiﬁcation of CF (Figure 3b).
Due to the large capacity of the ﬁlters, this device also has
outstanding long-term stability. To test the stability of the
device, contaminated water (∼100 ppb Cu2+, Cd2+, Pb2+) was
pumped through the device at 5 mL min−1 until 500 mL of
contaminated water is puriﬁed with a ﬁlter bias of 10 V. The
remaining metal ion concentration collected at intervals of 50
mL is shown in Figure 3c. In the single-ion solution systems,
Cu2+ was reduced to ∼2.5 ppb, Cd2+ to ∼1.6 ppb, and Pb2+ to
∼1 ppb, with consistent values over the entire volume of water.
In the mixed-ions system (Figure 4b), the remaining
concentrations of these three ions after puriﬁcation are ∼3.9

ppb (Cu2+), ∼2.5 ppb (Cd2+), and ∼1.8 ppb (Pb2+),
respectively. Over the entire test period, the removal eﬃciency
remained stable with metal ion concentrations of under 5 ppb,
indicating that the output water is safe for drinking according
to WHO standards. An important aspect to note for this
system is the exceptional levels of cadmium removal. Cadmium
has the lowest limit for drinking safety, and thus Cd levels are
the limiting factor for developing eﬀective ﬁltration. In this
case, PAN-amidoxime nonselectively exhibits strong coordination reactions with most heavy metal ions, and thus the
ﬁltering eﬃciency is about the same for all three metals.
Longer-term ﬁltration experiments were also performed for 3
days (Figure 4b). On the third day, even after around 21.6 L of
mixed-ions contaminated water had been treated by the 1 cm2
area and 0.318 cm thick ﬁlter, the output water still had safe
metal ion concentrations of 3.3 ppb Cu2+, 4.5 ppb Cd2+, and
4.2 ppb Pb2+. This exceptional performance indicates that the
device can maintain its high heavy-metal-removal eﬃciency
over a long time and purify a large quantity of water.
The extracted electrodeposited metal species were further
characterized by scanning electron microscope, X-ray photoelectron spectroscopy, and X-ray powder diﬀraction. As the
SEM images show in Figure S8a, after 10 min of treatment in
the stirring system, the metal ions (1000 ppm) from the test
water were electrochemically deposited as nanoparticles in
diﬀerent morphologies on the electrode surface. These
electrodeposits on the surface of the ﬁltration electrode
(Figure S8b,c) were identiﬁed to be metallic Cu, Cd, and Pb
(JCPDS 85-1326, 65-1183, and 65-2873) by X-ray Diﬀraction
(XRD) and X-ray photoelectron spectroscopy (XPS) method.
The copper deposition forms ball-like clusters, with each ball
surrounded by large amounts of small nanocubes (about 50
nm). The cadmium and lead deposits are both nanosheets,
with cadmium forming stacked sheets and lead being more
well-dispersed. After long-term treatment (21.6 L, 100 ppb) of
mixed water, the similar morphologies still can be found in the
SEM images (Figure S9), but with higher degrees of
crystallization.
Heavy metals have high toxicity and biological accumulation,
and thus we have focused on developing an energy-eﬃcient
strategy to solve water pollution issues. There are signiﬁcant
economic beneﬁts in recovering heavy metal ions from
wastewater due to their unique physical and chemical
characteristics. Therefore, it is necessary to exploit a new
way to extract heavy metal ions separately. Thus, after diﬀerent
attempts, we successfully use an AC−DC combination method
to remove the ions step by step (Figure S10). This direct
separation and recovery of heavy metal ions has great value on
resource recycling as compared with traditional treatments.
DFT Calculation of Binding Energy. For this ﬁltration
device, there are two important driving forces behind the
ﬁltration process. First, the applied bias generates an electric
ﬁeld which causes metal ion migration and deposition on the
ﬁlter. Additionally, the polymer with many amidoxime
functional groups strongly chelates the heavy metal ions to
prevent them from being washed away in the ﬂow of water.
The polymer shell can make the electrode inert to prevent
water splitting at low ionic strengths.
To prove the strong binding ability of PAN-ami with metal
ions, a series of density functional theory (DFT) calculations
for the adsorption of heavy metal ions (Cu2+, Cd2+, Pb2+) have
been performed for the monomers of various polymers (PANami, PAN, PVDF, and nylon-6), as shown in Figure 4 and

Figure 4. Tests of long-term ﬂowing performance on diﬀerent
polymer-modiﬁed CF with mixed-ions contaminated water and DFT
calculation ranges of their binding energy with metal ions. (a−d)
Binding modes with metal ions and performances of PACCF, PVDF/
C@CF, nylon-6/C@CF, and PCCF for mixed contaminated water.
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slurry to disperse the slurry uniformly (PCCF). After doing
this, the PCCF was dried at 90 °C for 1 h to remove the
solvent. For the amidoximation reaction,40 10 pieces of PCCF
were submerged into 20 mL of DI water under a heated water
bath at 70 °C. After the temperature stabilized, 1.5 g of
Na2CO3 and 2 g of NH2OH·HCl were successively added into
the water. After 1.5 h, the reaction is complete. The PACCF
pieces are removed and cleaned three times by DI water
followed by air drying in a furnace (80 °C) before use.
Material Characterization. Electrode materials are characterized by scanning electron microscopy (SEM, FEI Nova
NanoSEM 450), Fourier transform infrared spectroscopy
(FTIR, Nicolet iS50), X-ray diﬀraction (XRD, PANalytical
Material Research diﬀractometer), and X-ray photoelectron
spectroscopy (XPS, SSI SProbe XPS spectrometer with Al Kα
source). The ion (Cu2+, Cd2+, Pb2+, and Hg2+) concentrations
were measured by inductively coupled plasma mass spectrometry (ICP-MS).

Table S1. The full geometry optimizations, energetic
calculations, and Mulliken population analyses were carried
out by the DMol3 package. In all electron calculations by the
DMol3 program, the density functional of generalized gradient
corrected (GGA) with the Perdew−Burke−Ernzerhof (PBE)
was adopted. For comparison, geometries and binding energies
of the composite systems for the adsorptions of heavy metals
on the polymers have been investigated.
To evaluate the interactions of heavy metals with polymers,
the binding energies (Eb) were calculated by
E b = [E(M x +) + nE(P) − E(nP + M x +)]

where E(Mx+), E(P), and E(nP + Mx+) are the energies of the
heavy metal ion (Mx+), monomer of each polymer (P), and the
total energy of the complex systems of Mx+ adsorbed by
relevant monomers, respectively.
The DFT calculation showed that the monomer of PAN-ami
is over 5−10 times stronger than the others when binding with
heavy metal ions as Cu2+, Cd2+, and Pd2+. Accordingly, these
numbers explain the remarkable performance of PAN-ami for
heavy metal ion adsorption. For monomers of PVDF, there are
no strong binding sites such as coordination sites exposed to
the cations. The nylon-6 monomer has a coordination site after
deprotonation of the amide group, but this amide coordination
bond formed is weaker than that of the nitrile group on PAN.
The amidoxime group can coordinate with cations to form
stable pentacyclic compounds, suggesting that this coordination bond should be stronger than other kinds of monodentate
groups as compared in Table S1. Experimentally, we found that
none of these polymers (PVDF, nylon-6, PAN) were able to
match the performance of PAN-ami in removing metal ions to
safe drinking levels (Figure 4b−d).
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other high demands. Furthermore, the cost of energy
consumed during operation of this device is lower than
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(carbon blank) with 2 mg of polyacrylonitrile (PAN, average
Mw 15 000) were added in 40 mL of DMF and stirred
overnight until the slurry became uniform and sticky. The
commercial carbon felts were immersed and squeezed in the
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