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Purpose: Adsorption and uptake of heavy metals by polymeric nanoparticles is driven by 
a variety of physicochemical processes. In this work, we examined heavy metal uptake by 
synthetic melanin nanoparticles and analyzed physicochemical properties that affect the 
extent of metal uptake by the nanoparticles.
Methods: Eumelanin nanoparticles were synthesized in a one-pot fast process from 
a 5,6-diacetoxy indole precursor that is hydrolyzed in situ into dihydroxy indole (DHI). 
The method allows the possibility of changing the level of sodium ions that ends up in the 
nanoparticles. Two variants of synthetic DHI–melanin (low-sodium and high sodium var-
iants) were evaluated and demonstrated different relative adsorption efficiencies for heavy 
metal cations.
Results and Discussion: For the low-sodium DHI–melanin and in terms of percentages of 
metal ion removal, the relative order of extraction from 50 ppm solutions was Zn2+ > Cd2+ > 
Ni2+ > Co2+ > Cu2+ > Pb2+, with the extraction percentages ranging from 90% down to 76%, 
for a 30-minute adsorption time before equilibrium. The lower-sodium DHI–melanin con-
sistently removed more Zn2+ than the higher-sodium variant. Electron microscopy (SEM) 
showed an increase in melanin particle size after metal ions uptake. In addition, X-ray 
photoelectron spectroscopy (XPS) of DHI–melanin particles with depth profiling after Zn 
ions uptake supported particle swelling and ion transport within the particles.
Conclusion: These initial studies showed the potential of this straightforward synthesis to 
obtain synthetic DHI–melanin nanoparticles similar to those from biological sources with the 
possibility to fine-tune their metal adsorption capacity. These synthetic nanoparticles can be 
used either for the removal of a variety of metal ions or to mimic and study mechanisms of 
metal uptake by melanin deriving from biological sources, with the potential to understand, 
for instance, differential heavy metal uptake by various melanic pigments.
Keywords: one-pot synthesis, melanin nanoparticles, differential sodium content, heavy 
metals, adsorption, metal extraction

Introduction
In their 2019 report on drinking water, sanitation, and hygiene, the World Health 
Organization and the United Nations reported that globally, over 2 billion people 
still rely on unsafe water.1 Also, over 85% of countries reported that they do not 
have sufficient financial resources to implement adequate sanitation plans for 
drinking water. The situation is expected to deteriorate by 2025 since half of the 
world’s population is expected to be living in water-stressed areas.1 Adequate 

Correspondence: Mekki Bayachou  
Department of Chemistry, Cleveland 
State University, 2399 Euclid Ave, 
Cleveland, OH, 44115, USA  
Email m.bayachou@csuohio.edu

Nanotechnology, Science and Applications 2021:14 101–111                                               101
© 2021 Darwish et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nanotechnology, Science and Applications                                           Dovepress
open access to scientific and medical research

Open Access Full Text Article

mailto:m.bayachou@csuohio.edu
http://www.dovepress.com/permissions.php
https://www.dovepress.com


supply of safe drinking water is essential for all people 
regardless of their social or economic conditions. An 
important environmental factor that compromises the 
safety of water is the presence of heavy metals.2 

Globally, it is estimated that 24% of all disease burden 
and an estimated 23% of all deaths are attributable to 
environmental factors including exposure to heavy 
metals.3 Estimated 4.9 million deaths worldwide (8.3% 
of total mortality) were linked to environmental exposure 
from chemical mismanagement.4,5 Many developing coun-
tries are facing a growing crisis of heavy metal contam-
ination in waterways exceeding limits permitted by the 
World Health Organization (WHO), due to increased dis-
charges of heavily polluted industrial and domestic 
wastewater.6,7 For instance, the industrial sector in the 
Greater Cairo area in Egypt is adding more pesticides, 
nutrients, and heavy metals into the Nile River, which is 
the main water source to this densely populated area.8

Heavy metals can contaminate the water either as 
dissolved ions or suspended particles, thus requiring mul-
tiple strategies for their removal. Four general classifica-
tions of remediation techniques have been reported: (a) 
chemical precipitation, (b) coagulation with flocculation, 
(c) membrane filtration, and (d) adsorption.7 Chemical 
precipitation removes dissolved ions by chemical reac-
tions that convert them into insoluble hydroxides, sulfides 
or carbonates, for subsequent filtration; hydroxide preci-
pitation at high pHs is the most widely used due to lower 
cost and simplicity.9 Although this method is the most 
effective at higher metal concentrations, it is generally not 
sufficient to achieve the required water quality standards 
for safe reuse.10,11 In addition, since raising the pH is the 
primary way of inducing precipitation for this method, the 
number of affordable reagents may limit the scope of the 
method.

The coupled coagulation-flocculation process is 
another large-scale purification method used to precipitate 
suspended colloids. It often uses metal compounds (eg 
alum, aluminum chloride, iron chloride and iron sulfate) 
as inorganic coagulants along with various high molecular 
weight polymeric coagulation aids.12–15 As in chemical 
precipitation, some metal ions can interfere with the aggre-
gation of others in coagulation methods applied to mix-
tures of ions. However, these two methods remain 
affordable and more scalable than other methods, such as 
membrane filtration technologies.16,17 Membrane filtration 
technologies use passive exclusion methods or active elec-
trodialysis to selectively remove ions from mixtures.18 In 

addition to cost, membrane methods must also overcome 
other operational hurdles, such as pressure drop and 
fouling.

Adsorption is an efficient and low-cost method for 
removal of metal ions or particles. This approach is versa-
tile and uses a variety of interfaces taking advantage of 
both physical and chemical interactions.19 The most com-
mon adsorption methods are adsorption on activated 
carbon,20–22 as well as on natural or synthetic 
polymers.23–27 Inexpensive powders and natural feed-
stocks and waste products have also been used in adsorp-
tion methods either as such or after conversion to activated 
carbons.25

Melanins are a family of polymeric bio-pigments found 
in many parts of the human body including the hair, skin, 
and eyes,28–30 and are known to bind a variety of inorganic 
and organic species.31–35 Two broad melanin classes or 
moieties with structural heterogeneity, the brown-black 
eumelanin and the reddish-yellow pheomelanin, are 
found naturally or can be synthesized.36–39 These poly-
meric scaffolds have important chelating interactions with 
metal ions both in vivo and in vitro.40–43 Some early work 
on both natural and synthetic melanin explored the nature 
of metal-ion binding sites over a range of pH.44,45 For the 
case of synthetic melanin in particular, this work identified 
the number and nature of chelating sites as a function of 
pH and the melanin precursor.45

Metals play an integral role in the formation of melanin 
supramolecular structures, and these structures are capable 
of binding or trapping metal ions. These natural scaffolds 
were therefore explored for metal and/or bacteria removal 
from water.46 Natural melanin from squid ink displayed 
higher adsorption capacity than other materials for lead 
removal.40 Eumelanin synthesized by polymerization of 
L-DOPA was shown to remove >95% of Pb2+ and was 
better than the natural melanin extracted from human 
hair;34 more modest adsorption rates (50 to 90%) were 
observed for Cu2+, Zn2+, and Cd2+. Removal rates of Cr 
(VI) varied with the natural melanin source.47 The collec-
tive work on melanin-like scaffolds indicates that these 
materials provide important substrates that can be chemi-
cally fine-tuned to optimize adsorption of heavy metals 
from aqueous solutions. In this paper, we use a new syn-
thetic eumelanin from polymerized dihydroxy indole to 
explore the affinity of a series of heavy metals to this 
nanoscale synthetic network. We also shed light on how 
a subtle change in the chemical makeup of this synthetic 
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polymer affects the affinity and selective removal of metal 
ions.

Results and Discussion
Synthetic DHI–Melanin Characterization
Two categories of melanin nanoparticles were synthesized as 
described in the experimental section (see Supporting 
Information): low sodium melanin (referred to as LSM) 
and high sodium melanin (referred to as HSM). In keeping 
with the general definitions and practical classification of 
various kinds of melanin,39 we will use the term “DHI- 
melanin” for the synthetic melanin used in this work. For 
convenience, the terms “LSM melanin” and “HSM melanin” 
throughout this work also mean the synthetic “DHI-melanin” 
material. The synthesis procedure is adapted from a previous 
work in our lab involving a DAI precursor in an organic- 
water co-solvent mixture, but not using electro- 
polymerization.48 Other procedures in the literature33 

reported the synthesis of melanin-like polymers in 6 hours 
using a DL-dopa precursor. A similar procedure using DAI 
was reported in the literature,37 but also reported the same 
6-hour time span of the reaction in strictly aqueous solution. 
Extraction of natural melanin (eg from Marine Pseudomonas 
sp.) requires even longer times in excess of 72 hours.38 Our 
method, taking less than 30 minutes to complete, is faster 
and yields samples with reproducible quality.

The scanning electron microscopy images of our LSM 
melanin as synthesized here showed nanoparticle-like features 
with an estimated particle size of about 190 nm, Figure 1A.

The nanoparticle-like features of our synthetic melanin 
are distinctly different from synthetic samples reported by 
Costa et al for amorphous solids.37 Likewise, Simon et al 
reported earlier synthetic samples prepared from L-dopa 
characterized by SEM as essentially amorphous solids 
with no discernable microstructures.49 The amorphous 
synthetic melanin reported by others is likely the result 
of the strict aqueous medium in which these syntheses 
were conducted. Both L-dopa- and 5,6-diacetoxyindole- 
derived syntheses were conducted in water with no organic 
co-solvent.37,49 As described in the experimental section, 
our synthesis was conducted in a mixture of water-ethanol. 
This is a critical difference from previous syntheses car-
ried out in water-only solutions. In fact, it is well estab-
lished that the mole fraction of ethanol in water-ethanol 
mixtures affects the partial molal volume of water.50 In 
particular, in the mole fraction range between 0.08 and 0.1 
of ethanol, it was shown that the structuredness of the 

water-ethanol mixture reaches its maximum as a result of 
the optimal hydrogen bonding network of water molecules 
at this composition. Interestingly, our synthesis was car-
ried out in a water-ethanol mixture in which ethanol’s 
mole fraction (χethanol =0.093) is within this optimal win-
dow. The nanoparticle aspect of the synthetic melanin that 
we report here is likely the result of the specific physico-
chemical behavior of the solvent mixture which, in this 
case, not only helps the oxidative polymerization of mel-
anin but also shapes the growth of resulting nanoparticles. 
Another property that may be critical to our synthesis is 
the reducing power of alcohol. Primary and secondary 
alcohols by themselves are known to behave as reducing 
agents.51,52 In our case, the interplay between the oxida-
tive growth of the synthetic melanin polymer and the 
reducing power of the ethanol results in the growth of 
the observed nanospheres rather than the amorphous 
solid observed under strictly aqueous solutions. The effect 
of the water-ethanol as co-solvents that we observe here 
has precedent. Previous literature reports show that the 
unique feature of water-ethanol mixtures at the optimal 
partial molal volume of water and optimal hydrogen bond-
ing also proved to be very useful in accelerating the 
synthesis of other kinds of nanoparticles.53 Although not 
related to this paper, it is important to mention that the 
electrochemical polymerization of DHI on electrodes 
under similar water-ethanol conditions also results in mel-
anin films with similar nanoparticle features (see 
Supporting Information Figure S1). Interestingly, the 
nanosphere particles observed in our synthetic samples 
following our co-solvent protocol are similar to those 
reported for samples of natural eumelanin from 
S. Officinalis.49 Recent atomic force microscopy charac-
terization of morphologies of natural eumelanin from var-
ious cephalopods also reported similar features of 
spherical nanoparticles with size distribution in the 
20–250 nm range.

EDS analysis confirmed the presence of carbon, nitro-
gen, oxygen consistent with the elemental composition of 
melanin. It also showed the presence of sodium, which is 
expected since our synthetic procedure uses NaOH in the 
hydrolysis of DAI, Figure 1B.

FTIR spectroscopy analysis of melanin particles is 
consistent with previous reports.37 Our samples of syn-
thetic melanin show three characteristic features (see 
Supporting Information Figure S2). The first feature at 
~1581 cm−1, is associated with carboxylate groups and 
nitrogen-containing heterocycles, as well as aromatic 
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C=C bond in the polymeric framework. The second band 
at ~1354 cm−1 is representative of o-hydroxy quinone 
groups. Finally, a third peak at ~3333 cm−1 is associated 
with catechol groups.

Characterization of Metal Cations Within 
the Melanin Nanoparticles
We also characterized the melanin particles after exposure 
and adsorption of various metal cations. We found that in 
general the melanin particle size, as estimated from SEM, 
increases with nominal diameter after adsorption of metal 
ions, Figure 2. This is true for all metals used (Zn2+, Cd2+, 
Ni2+, Co2+, Cu2+ or Pb2+). It is important to note that the 
reported diameter sizes for the melanin nanoparticles with 
adsorbed metals are not absolute-per-particle sizes, but 
rather relative nominal sizes determined from the SEM 
analysis of nanoparticle aggregates shown in the micro-
graphs. Metal ion extraction from polymeric adsorbents, 
such as melanin, is mediated mainly through the interac-
tion of metal ions with functional groups in the network.54 

In this case, catechol and quinone-imine groups, and the 
indole’s π cloud, all are potential interaction sites for the 
metal ion. The complexation of metallic ions at the surface 
and the potential exchange with inner sites within the 
polymeric network of the nanoparticles are expected to 
affect the estimated average size of the particles after 
metal extraction.

Fourier Transform IR analysis of the synthetic melanin 
samples after interaction with metal ions gives evidence of 
the uptake of ions by the nanoparticles (see Supporting 
Information Figure S3 and Table S1 for measured wavenum-
bers before and after metal adsorption). In this regard, the 
peaks characteristic of carboxylate and quinone-imine groups 

in melanin exhibit shifts to lower wavenumbers as a result of 
metal ion complexations, consistent with previous literature 
reports.37 The notable increase in intensity of vibrations of 
CC and CO featured in peak A as well as those of catechol 
groups is indicative of metal complexations.55 The splitting 
of peak B in the presence of Co2+ ions into a double band is 
likely an indication of two distinct binding modes of cobalt 
ions which would generate two distinct stretching modes of 
C-O in the catechol groups. Metal incorporation into the 
melanin nanoparticle network was also confirmed using 
EDS (Supporting Information, Figure S3).

We also used X-ray photoelectron spectroscopy (XPS) 
with depth profiling to measure differences in the elemental 
composition of the melanin nanoparticles, particularly in 
terms of metal ion content at different depths. Figure 3 
shows representative survey scans at two nominal depths 
from the surface of synthesized LSM melanin nanoparticles 
after exposure and uptake of Zn2+ ions from the solution.

The survey scans show the presence of Zn2+ ions both at 
the surface and within the synthetic melanin nanoparticles 
(eg the 2p3 peak, 1022 keV binding energy). The XPS 
analysis also shows that standardized integral areas of zinc 
peaks increase from the surface of the nanoparticles to 
a nominal depth of 10 nm, indicating a relative enrichment 
of melanin particles with the metal ion. This is consistent 
with SEM analysis (see Figure 2), which showed a clear 
increase in the size of melanin nanoparticles after uptake of 
each divalent metal ion. This XPS finding supports 
a mechanism of metal uptake at the surface (through, for 
instance, ion exchange) and through diffusion within pores 
and interaction with binding sites using stepwise chelation/ 
decomplexation within the catechol polymeric network of 
melanin. Catecholate complexes with divalent metal ions (eg 

Figure 1 Characterization of synthetic melanin nanoparticles by SEM and elemental analysis. (A) The micrograph shows melanin nanoparticles with an average particle size 
of 190 nm for LSM sample; SEM of HSM (not shown) exhibited similar characteristics. (B) Energy dispersive X-ray spectroscopy confirmed the expected atomic composition 
of carbon, nitrogen, oxygen and sodium.
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Figure 2 SEM micrographs of melanin nanoparticles showed a general increase in particle size after extraction of metal divalent cations from aqueous solutions. The metal 
ion symbol on each micrograph indicates the metal ion adsorbed. The estimated particle size after adsorption of the metal ions are as follows: Zn2+ 200 nm, Cd2+ 300 nm, 
Ni2+ 220 nm, Co2+ 225 nm, Cu2+ 230 nm, and Pb2+ 240 nm.
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Zn2+, Ni2+, Co2+, Cu2+) are known to form both mono- and 
bis-metal–ligand species.56 The dynamic interconversion of 
mono- and bis-catecholates (possibly mixed with the invol-
vement of quinone-imine groups) is expected to facilitate the 
metal uptake and transport process in the polymeric network 
within the melanin nanoparticles.

Metal Ion Extractions from Aqueous 
Solutions
We used ICP to monitor and quantify the uptake of metal 
ions by our synthetic melanin nanoparticles from aqueous 
solutions. In this regard, we constructed calibration curves 
for the six divalent metal ions (Zn2+, Cd2+, Ni2+, Co2+, Cu2+ 

and Pb2+) in aqueous solutions.
The calibration curves used in this work are reported in 

supporting information (see Figure S4). We first used LSM 
melanin for metal ion extraction using 50 ppm starting metal 
ion concentrations over a 30-min extraction time. Figure 4 
shows the extent of extraction of the various metal ions in 
aqueous solutions by LSM melanin nanoparticles. We mea-
sured both the amount of metal adsorbed on the nanoparti-
cles and the amount of metal ions left in the solution using 
the methods described in the experimental section.

A general observation from Figure 4 is that uptake of zinc 
ions by the synthetic melanin nanoparticles is the highest (in 
terms of percent concentration uptake) among all divalent 
metal ions studied. The actual percentages of uptake for all 
metal ions based on ICP determinations are listed in Table 1.

We observe an almost 90% removal of Zn2+ ions from 
aqueous solutions, followed by Cd2+ ions (85.8%), Ni2+ 

(83.1%), Co2+ (82.0%), Cu2+ (80.2%), and finally Pb2+ ions 

exhibiting the lowest percentage of uptake, but still at 
a reasonable level of 76%. It is important to note that ICP 
measurements account for almost 100% of the starting ion 
concentration, since the % amount of metal left in the super-
natant solution is complementary to the % amount adsorbed 
on the melanin nanoparticles for all metal ions used in this 
work, Table 1.

The percentages of metal uptake under our conditions 
can be converted to standardized adsorption capacities in 

Figure 3 XPS survey spectrum of synthetic melanin nanoparticles after uptake of 
Zn2+ ions (exposure to 50 ppm starting concentration). Survey spectra taken with 
sputtering at nominal depths of 0 and 10 nm to monitor zinc ions.

Figure 4 Concentration of metal ions after extraction from aqueous solution using 
LSM melanin (7 mg melanin, 50 ppm starting concentration). Concentrations were 
determined using ICP. Solid bars show the concentration of metal ions retrieved 
from the melanin nanoparticles after adsorption (uptake). Striped bars show the 
concentrations left in the supernatant after metal adsorption. A break in y-axis is 
introduced because of the difference in magnitudes between concentrations of 
uptake versus the concentrations left in the supernatant. The scale before and 
after the y-axis break is adjusted to reflect concentration differences.

Table 1 Metal Ion Percentages of the Overall Uptake by 
Synthetic Melanin Using ICP Measurements

Metal 
Ion

% Metal Amount Uptake in 
Melanin Nanoparticles

% Metal Amount 
Left in Solution

Zn2+ 89.9 7.07

Cd2+ 85.8 13.3

Ni2+ 83.1 16.4
Co2+ 82.0 16.6

Cu2+ 80.2 16.6

Pb2+ 76.0 20.7

Notes: Percentages are based on a 30-minute ion capture from 50 ppm starting 
concentrations using 7 mg synthetic melanin.
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mmol/g in order to compare and contrast the performance 
of synthetic melanin in this work with other adsorbents.

Table 2 lists adsorption capacities of melanin for the 
various metal ions along with values reported for other 
adsorbents. While the values we report here were not 
necessarily optimized and are not equilibrium data, the 
performance of melanin nanoparticles as prepared in this 
work is very promising for heavy metal removal and out-
performs traditional adsorbents, such as some forms of 
activated carbon as well as some commercial resins and 
zeolite. We note the promising performance of melanin 
nanoparticles not only in terms of adsorption capacity but 
also in terms of speed of uptake.

In addition to the sorbent cases mentioned in Table 2, 
our preliminary findings with the new melanin nanoparti-
cles show better removal rates for Cu2+, Ni2+ and Zn2+ 

compared to other sorbents, such as polymer-grafted silica 
systems.27 In all literature cases examined, we observed 
that melanin nanoparticles exhibit significantly higher 
removal capacity of Zn2+ ions.

A number of physicochemical mechanisms can be at 
play in determining the extent and the order of adsorption 
of heavy metals on a given adsorbent. These may include 
ion-exchange, chelation and coordination, complex forma-
tion, surface electrostatic interaction, or a combination of 
some or all these mechanisms.60

In our case, and in terms of adsorption capacities, the 
uptake performance of melanin nanoparticles is highest for 
Zn2+, Ni2+ and Co2+ metallic ions. The adsorption capacity 
is relatively low for Cu2+ and drops significantly for Cd2+ 

and Pb2+ ions.
Electronegativity, hydration radius, and effective ionic 

radius of metal ions have been used to rationalize trends in 
adsorption capacities. It is tempting to use the relatively 

large effective radii of Cd2+ and Pb2+ ions (95 pm and 119 
pm, respectively) as a justification for the observed low 
adsorption capacities for these two metal ions on the 
melanin nanoparticles. While the size of the ion may 
play a role, electronegativity of the metal ions in solution 
may provide a better rationale (the solution-phase electro-
negativity scale61 for metal ions in solution is very differ-
ent from the classic Pauling electronegativity scale for 
elements). The electronegativity of metal ions in solution 
is likely an important driver of the interaction of the metal 
ions with the electron-donating chelation sites (catechol 
and quinone-imine groups) within the synthetic melanin 
nanoparticles. Figure 5 shows a plot of the measured 
adsorption capacities as a function of the solution-phase 
electronegativities of the metal ions taken from 
Reference.61 The solution-phase electronegativities of the 
various metal ions seem to explain relatively well the 
ascent of the first part of the curve showing an increase 
in adsorption capacities as the electronegativity of the 
metal ion increases. Since the solution electronegativity 
of metal ions is key in their speciation and interaction with 
functional groups at the surface of nanoparticles and 
within the particles, it is not surprising that Pb2+ and Cd2 

+ ions with the lowest electronegativities in the group 
exhibit the lowest adsorption capacities. At the opposite 
end, Ni2+, Co2+, Zn2+, and Cu2+ show higher adsorption 
capacities. However, it is clear that solution-phase electro-
negativity of metal ions alone does not explain the overall 
behavior since the ascending trend ceases after Ni2+ and 
a downturn is noticed.

Formation constants of catecholate complexes on the 
nanoparticles and the resulting metal-site strength are also 
at play. Knowing that the uptake of the metallic cations is 
ultimately driven by the interaction of binding sites on the 

Table 2 Adsorption Capacities of Metal Ions in Millimole Ion per Gram of Adsorbent for Synthetic Melanin in This Work and for 
Other Adsorbents from Literature

Adsorbent Adsorption Capacities (mmol/g) Extraction/Contact Time References

Zn2+ Cd2+ Ni2+ Co2+ Cu2+ Pb2+

Granular Activated Carbona – 0.01 – – 0.04 0.03 24 hours [57]
Powdered Activated Carbona – 0.01 – – 0.05 0.12 24 hours [57]

Zeolite – 0.20 – – 0.20 0.48 24 hours [57]

Activated Carbon Fibers – – 0.152 0.174 0.147 24 hours [58]
Duolite GT-73 Resina 0.85 0.94 0.97 – 0.97 0.59 24 hours [59]

Amberlite 200 1.3 2.0 1.5 – 1.4 1.7 24 hours [59]

Melanin nanoparticlesb 1.47 0.82 1.56 1.49 1.35 0.40b 30 minutesb This work

Notes: aInitial concentrations in these reports were in the millimolar range and thus are higher than concentrations used in this work. Our numbers would be higher for 
similar concentrations; bExtraction/contact time in this work is not equilibrium time and the capacities reported are lower limit capacities in this case.
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nanoparticles, a comparison of formation constants Kf for 
the complexation (M2+ + L2- → M-L, where M2+ is the 
metal ion and L2- is the chelating ligand at any site in the 
nanoparticle) can provide a rationale for the behavior 
observed. Given the structure and ligand content of mela-
nin, ligand sites are mostly catechol groups. We therefore 
looked into the thermodynamic properties of divalent 
metal-catecholate complexes. Formation constants (ie 
a stability measure with respect to the free metal ions) of 
bivalent transition metal series with model catechol 
ligands have been determined.62 Thermodynamic data on 
Pb-catechol complexes are not available but the formation 
constant of this complex is expected to be small based on 
a study that established a monodentate form of the 
complex.63 Together, the following order in terms of 
increasing Kf can be used: Pb << Cd < Ni2+ ~ Co2+ < 
Zn2+<< Cu2+. Again, the overall order seems to correlate 
with the trend of adsorption capacities for these ions, but 
the rate of increase in adsorption capacity as a function of 
catechol complex formation is not maintained and the 
trend breaks down after Ni2+ (see Figure S5, Supporting 
Information). While a higher formation constant is needed 
for efficient binding of the metal ions and their uptake by 
the melanin nanoparticles, an extremely large constant is 
expected to be counterproductive. This would negatively 
affect the active transport of metal ions between binding 
sites within the adsorbing nanoparticles. For Cu2+ ions, the 
formation constant of the putative catechol complex is 
reported to be Kf > 1012 for a model catechol 

compound.62 This may be the reason why the adsorbing 
capacity for copper ions is lower and the trend starts to 
decline after the maximum values observed for cobalt, 
zinc, and nickel ions. Again, while some level of thermo-
dynamic stability of the complex is needed for increased 
adsorption, large formation constants can limit transport 
between sites within the particles, and thus can lower the 
overall capacity. Solution electronegativity of metal ions 
and catechol complex formation constants are expected to 
be synergistic and complementary for lower values; how-
ever, extremely large thermodynamic stabilities of the 
catechol-metal complex may be limiting in terms of 
adsorption capacity within melanin particles.

Sodium Content and Adsorption 
Capacity
Since the interaction with catecholate and other binding 
sites in melanin particles is the driving force for metal 
removal from solution, we examined whether the sodium 
ion content of the synthetic melanin nanoparticles affects 
the adsorption capacity. Our one-pot synthetic procedure 
uses NaOH during the hydrolysis step of DAI, which is 
a precursor of DHI that ultimately oxidizes into the poly-
meric melanin particles. Sodium ions are expected to be 
part of the deprotonated binding sites of the synthesized 
melanin prepared under essentially basic conditions. EDS 
characterization in Figure 1B indeed shows the presence of 
sodium ions in the melanin particles. We slightly modified 
the synthesis process of the melanin particles by increasing 
the mole equivalent of sodium hydroxide used in the 
hydrolysis of DAI by 20%, as described in the experimen-
tal section (See Supporting Information). This modified 
process resulted in a variant of melanin nanoparticles 
with a relatively higher sodium content (labeled HSM for 
High Sodium Melanin as opposed to LSM for the low 
sodium variant). We compared and contrasted the behavior 
of the two variants (LSM and HSM melanin particles) in 
terms of adsorption levels for Zn2+ ions over a 30-min 
time span. As in the first part of this work, we used the 
same amount of melanin particles and the same initial 
concentration of Zn2+ ions of 50 ppm. We measured the 
amount of Zn ions adsorbed using ICP. Figure 6 shows the 
Zn2+ adsorption levels for both low and high sodium 
melanin variants in mg of Zn per gram of melanin.

The LSM variant clearly shows a higher level of Zn2+ 

ions adsorption compared to HSM over the 30-min extrac-
tion time. We also performed XPS analysis with depth 

Figure 5 Plot of adsorption capacity as a function of solution-phase electronega-
tivity of the various divalent metal ions. Adsorption capacity data is calculated from 
ICP measurements. Electronegativities that reflect metal ions in solution are differ-
ent from the Pauling electronegativities data from Li et al.61 Dashed blue curve is 
not from a model and is added to show the general trend only.
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profiling of the two melanin variants after adsorption of Zn 
ions in order to compare their profiles. We report in Table 
3 the atomic composition ratios (Zn/C, Na/C, O/C and N/ 
C) from XPS for both LSM and HSM adsorbents.

An overall observation of XPS atomic rotios data in 
Table 3 shows that the High Sodium Melanin (HSM) 
variant contains a higher level of sodium ions compared 
to the Low Sodium Melanin (LSM). The relatively higher 
sodium levels in HSM hold true both at the surface of the 
nanoparticles and at a 10-nm depth. Comparison of the Zn/ 
C ratios in Table 3 indicates that LSM nanoparticles 
adsorb higher zinc content compared to HSM particles. 
The relatively higher content of Zn ions in LSM particles 
is observed both at the surface and deep within these 
particles at comparable levels. This finding is not surpris-
ing since it is consistent with the observed higher adsorp-
tion levels of zinc ions on the LSM adsorbent compared to 
the HSM variant under similar conditions as reported in 
Figure 6.

The exact reason why the HSM variant adsorbs lower 
amounts of metal ions with respect to LSM is not exactly 
clear at this point, but it can be simply due to the fact that 
the excess sodium ions compete for and occupy the same 
binding sites as Zn2+ ions in this case, within the melanin 
particles. However, control experiments with preformed 
LSM particles suggest that exogenous sodium ions (ie 
preformed LSM melanin particles immersed in a solution 
of sodium ions) do not affect the heavy metal adsorption 
capacity of the melanin particles. Another potential reason 
may have to do with the nature of HSM particles: the 
relatively more basic conditions (20% mole equivalent to 
more of NaOH) under which the HSM particles are pre-
pared likely result in a different organization of the hetero-
genous oligomers that aggregate to form the melanin 
nanoparticles during the synthesis. Sodium and other ions 
are known to provide bridging interactions in the melanin- 
like network (for instance, in our case, at the indole’s 
nitrogen and catechol groups of the DHI units in the 
polymer). A higher sodium content will therefore result 
in a relatively rigid polymer network. On the other hand, it 
is established that melanin particles undergo reorganiza-
tion to accommodate various metal ions.37,64 Together, this 
may explain why the high sodium melanin particles show 
lower adsorption levels of metal ions compared to the low 
sodium melanin nanoparticles.

The one-pot melanin synthesis method in water-ethanol 
as co-solvents allowed us to prepare and characterize low- 
sodium and high-sodium melanin adsorbents that exhibit 
distinct profiles in terms of metal uptake. This preliminary 
study shows the versatility of the synthetic method in 
potentially preparing other variants and study how slight 
changes in structure or salt content can affect their metal 
uptake. Understanding how slight changes in melanin-like 
structures affect their uptake and accumulation of heavy 
metals may have implications for problems of biological 
importance, such as differential metal accumulation in 
melanic pigments in the brain.
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