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Isothermal titration microcalorimetry to determine
the thermodynamics of metal ion removal by
magnetic nanoparticle sorbents†

Yuxiong Huang and Arturo A. Keller*

Isothermal titration microcalorimetry, a novel approach, was applied to determine key thermodynamic pa-

rameters directly for the adsorption of metal ions to a magnetic nanoparticle sorbent (Mag-Ligand), mea-

suring the energy exchange during the binding process. We demonstrate that the interactions are

enthalpically driven and energetically favorable, with exothermic binding reactions, giving the selectivity se-

quence: Cr3+ < Cu2+ < Zn2+ < Ga3+ < Ce3+ < Cd2+ < In3+ < Hg2+ < Pb2+. The sorption kinetic and iso-

thermal studies demonstrated effective and fast removal of nine different metal ions including three rare

earths, in competitive and non-competitive conditions across a range of pH and water hardness. Sorption is

dominated by the complexation reactions between metal ions and Mag-Ligand and adsorption of metal

ions onto Mag-Ligand. Maximum sorption capacity can be predicted based on the thermodynamic data, al-

though kinetics plays a role during competitive sorption. Furthermore, the magnetic behavior of Mag-

Ligand results in fast and efficient solid–liquid separation after the sorbent has extracted the metal ions from

the contaminated waters, and Mag-Ligand can be regenerated for reuse by a simple acid wash, providing a

more sustainable, fast, convenient, and efficient approach for heavy metal remediation.

1. Introduction

Chromium (Cr), mercury (Hg), cadmium (Cd), lead (Pb), zinc
(Zn) and copper (Cu) can be hazardous metals even at low
concentrations, representing a significant threat to the envi-
ronment and public health due to their toxicity and accumu-
lative characteristics.1–4 Rare earth elements, such as gallium
(Ga), cerium (Ce) and indium (In), are also a major concern
in terms of environmental contamination;5,6 efficient and
cleaner methods of recovery from their ores are also needed.

These metals can be released into the environment through a
number of activities, such as mining,7 metal processing and
finishing, welding and alloy manufacturing,8 the use of vehi-
cles and coal combustion,9 as well as volcanic eruptions and
forest fires.10 The metals can also enter the food supply chain
via pesticides or fertilizers where they are found as impuri-
ties, with gradual accumulation in living organisms over their
life span causing progressive toxic effects.11–14

The application of engineered nanomaterials in water
treatment is very promising.15–17 In a recent study,10 we
reported the synthesis and proof-of-concept of a magnetic
nanoparticle sorbent, namely Mag-Ligand, which is struc-
tured as a magnetic nano-scale core coated with a silica po-
rous layer that covalently bonds with an organic ligand, ethyl-
enediaminetetraacetic acid (EDTA). The interactions between
metal ions and Mag-Ligand are a combination of complexa-
tion reactions, adsorption onto porous structures and electro-
static interactions (Fig. 1A). The attached EDTA can bind
dissolved metal ions, while the magnetic core allows for rapid

Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2016

Bren School of Environmental Science and Management, University of California

at Santa Barbara, CA, 93106 USA. E-mail: keller@bren. ucsb.edu;

Fax: +1 805 893 7612; Tel: +1 805 893 7548

† Electronic supplementary information (ESI) available: Chemicals, synthesis,
characterization, analysis, ITC measurement and sorption kinetic data for nine
different metal ions, effect of pH and water hardness on Pb2+ removal, and
Langmuir isotherm model fitted parameters for each metal ion in group com-
petitive sorption, equi-molar competitive adsorption for multiple metal ions and
zeta potential of Mag-Ligand. See DOI: 10.1039/c6en00227g

Nano impact

The emergence of tailored nanomaterials (Mag-Ligands), with magnetic properties and high adsorption capacity for a wide range of metal ions, provides a
fast and effective tool to deal with these persistent contaminants. In order to better understanding the interaction between metal ions and magnetic
nanoparticles sorbents, we introduce a novel approach, isothermal titration calorimetry (ITC) to directly obtain thermodynamic information. These key
thermodynamic parameters are quantified by directly measuring the energy exchange during sorption process, which provides the information needed to
predict the sorption capacity of these magnetic nanoparticle sorbents.
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separation of the Mag-Ligand from solution by applying a
magnetic field. Mag-Ligands have proven to be effective sor-
bents for removal of individual metal ions such as Cd2+ and
Pb2+ under various environmental conditions (e.g. range of
pH and water hardness) as well as shown good regenerability
and reusability.

Though magnetic nanoparticle sorbents have successfully
been applied to remove heavy metal ions,10,18–22 hydrophobic
compounds,23–25 pesticides,26,27 natural organic matter,22,28,29

oxyanions30,31 and emerging organic contaminants,25,32,33

those studies focused on the synthesis and characterization
of physicochemical properties of these engineered nano-
materials, as well as their environmental application. How-
ever, the key quantitative thermodynamic data (e.g. actual
heat exchange and binding constants) of interactions be-
tween ions and these magnetic nanoparticle sorbents have
not been determined.

Isothermal titration microcalorimetry (ITC) can directly
measure the heat absorbed or released during the interaction
(e.g. bond formation), providing accurate, rapid and label free
thermodynamic data to determine the changes in enthalpy
ΔH, entropy ΔS, and Gibbs free energy ΔG of the adsorption
process, as well as provide information on the affinity bind-
ing constant Kd and the interaction reaction stoichiometry in
a single titration experiment.34 This advanced technology has
been widely applied in the chemical and biochemical fields
to study protein interactions35,36 and macromolecular assem-
bly,37 protein membrane interactions,38 enzyme kinetics,39

molecular dynamics simulations,40 and incremental and
DNA–ligand binding.41 Karlsen et al. (2010) conducted a very
general study to investigate the use of ITC to determine the
thermodynamics of Al3+, Cr3+, and Pb2+ binding to the bio-
polymer chitin, and found that the binding reactions were en-
tropically driven.42 Loosli et al. used ITC to probe the agglom-
eration mechanisms and thermodynamics of the interactions
between TiO2 nanoparticles and natural organic matter, in-

cluding Suwannee River humic acid43 and alginate,44 indicat-
ing the TiO2–natural organic matter interactions were entro-
pically and enthalpically favorable, with exothermic binding
reactions and that the mixing order is also an important fac-
tor. The study showed the potential of ITC for understanding
the fate and transport of nanoparticles in the environment.
Thus, ITC could be used as a novel approach to investigate
the thermodynamics of water treatment using magnetic
nanoparticle adsorbents.

In this present work, we apply ITC to obtain key quantita-
tive thermodynamic binding data of the interactions between
Mag-Ligand and nine metal ions as well as to better under-
stand the sorption process. The individual isotherm sorption
studies were conducted to determine the adsorption capacity
and kinetics. Furthermore, three groups of competitive sorp-
tion studies were conducted to determine the selectivity se-
quence among multiple metal ions. Adsorption mechanisms
were proposed based on the thermodynamic and kinetic data.
To scale the use of Mag-Ligand for real world applications,
this fundamental quantitative knowledge of the thermody-
namics, kinetics and competitive equilibrium of Mag-Ligand/
metal ion interactions is needed to ascertain the minimum
amount of Mag-Ligand particles needed to remove metal cat-
ions to a specified level, particularly in complex matrices with
multiple metals.

2. Experimental
2.1. Synthesis and characterization of Mag-Ligand

The synthesis protocol followed our previously reported
method.10 Briefly, by means of cooperative assembly of silica
oligomers and EDTA on the maghemite nanoparticles (30 nm
in diameter), Mag-Ligand particles were prepared with a
core–shell structure. The final products were characterized by
transmission electron microscopy (TEM), thermogravimetric
analyses (TGA), Fourier transform infrared (FTIR) spectrome-
ter, superconducting quantum interference device (SQUID)
magnetometer, nitrogen gas adsorption analyzer and
zetasizer. The detail of synthesis and characterization is avail-
able in ESI.†

2.2. Isothermal titration calorimetry measurement

A TA Instruments Nano Isothermal Titration Calorimeter
(ITC) instrument was used to measure the heat exchange be-
tween Mag-Ligand particles and metal ions at 298 K to deter-
mine the thermodynamic data and binding constants. Gener-
ally, a well-dispersed suspension of Mag-Ligand particles
(degassed DI water) was placed in the 1 mL ITC sample cell,
and a metal ion(s) solution (1000 mg L−1) was loaded into the
100 μL injection syringe. Metal ions were titrated into the
sample cell as a sequence of 20 injections of 4.91 μL aliquots.
The rotational speed of the stirrer was 250 min−1 and the
equilibrium time between two injections was set at 800 s for
the signal to return to the baseline.

Estimated binding parameters were obtained from the ITC
data using the NanoAnalyze Data Analysis software (Version

Fig. 1 (A) Schematic representation of the interactions between Mag-
Ligand nanoparticle sorbents and metal ions; (B) TEM micrographs of
Mag-Ligand, scare bar = 50 nm.

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
19

/0
9/

20
16

 1
8:

45
:5

5.
 

View Article Online

http://dx.doi.org/10.1039/C6EN00227G


Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2016

3.30). Data fits were obtained using the independent set of
multiple non-interacting sites (MNIS)45 model, for which the
analytical solution for the total heat measured, Q (kJ) is deter-
mined by the formula:

where V is the volume of the calorimeter cell, ΔH is enthalpy
(kJ mol−1), and Kd (M−1) is the equilibrium binding constant.
Free energy, ΔG (kJ mol−1), was determined from the binding
constant (ΔG = −RT lnK, where R is the gas constant and T is
the absolute temperature in Kelvin) and entropy, ΔS (kJ
mol−1), from the second law of thermodynamics (ΔG = ΔH −
TΔS). [LT] is the total ligand concentration and [M] is the
macromolecules concentration. To consider the j-th injection,
the molar charge ratio can be calculated as:

(2)

with

Lj = Lj−1 + Vj·[L]m (3)

M = [M]m·V (4)

where Vj is the volume of each titration, while [L]m and [M]m
are the molar charge concentrations of ligand and macromol-
ecules. In the current study, since metal ions were titrated
into the Mag-Ligand suspension, we considered metal ions as
ligand (L), and Mag-Ligand as macromolecules (M). [L]m and
[M]m are calculated using:

[L]m = [Metal]M ÷MWmetal·ζmetal (5)

[M]m = [Mag‐Ligand]M·ρEDTA ÷MWEDTA·ζEDTA (6)

where [Metal]M and [Mag-Ligand]M is the mass concentration
of metal ions and Mag-Ligand particles; ζmetal and ζEDTA is
the molecule charge and binding site, respectively, for exam-
ple, ζCd2+ = 2, ζCr3+ = 3 and ζEDTA4− = 4. ρEDTA is the mass per-
centage of EDTA associated with Mag-Ligand particles, and
determined by thermogravimetric analyses (TGA), as 12.5%
(Fig. S1B†).

2.3. Batch sorption of metal ions

For most experiments 5.0 mg of Mag-Ligand particles were
mixed with 25 mL of metal ion (Cd2+/Pb2+/Cu2+/Zn2+/Hg2+/
Cr3+/Ga3+/In3+/Ce3+) solution (10 mg L−1) in 50 mL conical
tubes, and pH was adjusted by using 0.1 M NaOH and HCl.
Then, these tubes were mixed in an end-over-end shaker on a
Dayton-6Z412A Parallel Shaft (USA) roller mixer with a speed
of 70 rpm at room temperature for 24 h to ensure sufficient

equilibration time. Adsorption kinetics studies were carried
out at the same conditions as previously stated but for a set
amount of time, varying from 1 min to 24 h, with pH = 7. Af-
ter mixing the Mag-Ligand particles with dissolved contami-

nants for a specified time, the particles were separated from
the mixture with the Eclipse magnet. All experiments were
conducted at ambient temperature (298 K).

Competitive sorption was conducted for three groups: (1)
Cd2+ and Pb2+, for which Mag-Ligand has the highest sorp-
tion capacity; (2) rare earth elements: Ga3+, In3+ and Ce3+; (3)
six metals: Cd2+, Pb2+, Cu2+, Zn2+, Hg2+ and Cr3+. In each
group, 10 mg of Mag-Ligand particles were mixed with 25 mL
of equal concentrations (varied from 1 to 20 mg L−1) of each
metal ion.

The concentration of adsorbent was varied from 0.04 to
0.28 g L−1 to study the adsorption isotherms of metal ions
onto Mag-Ligand at pH 7. Additionally, solutions with varying
initial concentrations of metal ions, which ranged from 1 mg
L−1 to 30 mg L−1 were treated with the same procedure as
above at pH 7 and 5.0 mg Mag-Ligand.

A Thermo iCAP 6300 inductively coupled plasma with
atomic emission spectroscopy (ICP-AES) and an Agilent 7900
ICP-MS were used to analyze the concentration of metal ions.

3. Results and discussion
3.1. Characterization of Mag-Ligand

The core/shell structure of Mag-Ligand is shown in the TEM
micrograph (Fig. 1B), and the surface area was determined to
be 21.68 m2 g−1 (Table S1†). The FTIR spectra (Fig. S1A†) con-
firmed that EDTA was successfully attached on the surface of
Mag-Ligand, and the TGA curve (Fig. S1B†) suggests the
weight percentage of EDTA is approximately 12.5%. Mag-
Ligand was also demonstrated to be superparamagnetic with
excellent magnetic responsivity (Fig. S2†). More details about
the results and discussion of the characterization is available
in the ESI.†

3.2. Determination of Mag-Ligand/metal ion thermodynamic
binding parameters by ITC

To quantify the strength of binding of various metal ions to
Mag-Ligand, nine different metal cations were titrated into a
suspension with Mag-Ligand particles in individual experi-
ments using ITC. The thermodynamic process due to the in-
teractions between metal ions and Mag-Ligand as the metal
ions are titrated into the suspension is shown in the real-
time thermogram in Fig. 2A, which presents the isothermal
titration of a 0.5 g L−1 Mag-Ligand dispersion with 5 mM
Pb2+ added sequentially. During the titration, heat provides
the binding energy between metal ions and Mag-Ligand

(1)
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particles,46 which can be obtained by directly measuring the
differential power between the reference cell (filled with
degassed DI water) and the sample cell (filled with the Mag-
Ligand dispersion). Each injection of metal ions results in
the evolution of heat (exothermic) within the sample cell

causing a negative change in the heat flow, shown as negative
peaks in the thermogram (Fig. 2A). In Fig. 2A, the peak ampli-
tudes and area gradually decrease as more metal ions are
added, since the number of available negatively charged li-
gand binding sites on Mag-Ligand particles decreases. The
thermograms for 8 other metal ions are presented in the ESI†
as Fig. S4.

The energy exchange as a function of the Pb2+ to Mag-
Ligand charge ratio is presented in Fig. 2B. MNIS (eqn (1))
was applied to process the data. The heat flow data fitted
with eqn (1) for the eight other metal ions are shown in Fig.
S5,† and all the fitted and calculated thermodynamic parame-
ters are listed in Table 1. All metal Mag-Ligand interactions
showed negative enthalpy (ΔH) of reaction values at 298 K,
implying that these interactions are all enthalpically favored
for the formation of complexes. We obtained negative
changes in free energy (ΔG) of reaction values ranging from
−18.08 to −24.21 kJ mol−1 in our experiments, indicating all
of the studied interactions between metal and Mag-Ligand
are energetically favored spontaneous processes at 298 K.
Most of the metal Mag-Ligand interactions have positive
changes in entropy, but Hg2+ and Pb2+ have a negative ΔS, in-
dicating strong bonds between Hg2+ or Pb2+ with hydration
water (metal–oxygen bonds), as the entropies of hydration are
negative47,48 between Hg2+ or Pb2+ and Mag-Ligand parti-
cles.47,48 These two metals (Hg2+ and Pb2+) also resulted in
some of the highest sorption capacities. For metal ions with
positive entropy changes, the metal Mag-Ligand interactions
result from favorable enthalpy conditions (ΔH < 0) and entro-
pic gain (TΔS > 0), as shown in Table 1. Thus, for these metal
ions, the metal Mag-Ligand complexations are most likely
dominated by the weaker adsorption onto the porous struc-
ture, reflected in the binding energy (ΔH < −TΔS).49

Table 1 also indicates the sequence of the metal ion affin-
ity to Mag-Ligand, which follows the pattern Cr3+ < Cu2+ <

Zn2+ < Ga3+ < Ce3+ < Cd2+ < In3+ < Hg2+ < Pb2+. Cr3+ has
the weakest interaction toward Mag-Ligand with a binding
constant of 1.472 × 103 M−1, while Pb2+ showed the highest
affinity with a binding constant of 1.744 × 104 M−1, which is
more than a 10-fold difference. It should be noted that the
binding constants reflect the entire interaction of Mag-
Ligand with the metal ions, involving complexation reactions,
adsorption onto porous structures and electrostatic

Fig. 2 (A) Real-time thermogram for 0.5 g L−1 Mag-Ligand titration
with 5 mM Pb2+ at 298 K; and (B) integrated binding isotherm as a
function of molar ratio of Pb2+ ions to Mag-Ligand particles, fitted with
MNIS model; symbols represent experimental data, and red line repre-
sents model prediction.

Table 1 ΔH, Kd and n derived using the MNIS model based on the ITC analysis of the integrated heats. ΔG and ΔS were calculated from Kd and ΔH
values

Element ΔH (kJ mol−1) Kd (M−1) ΔG (kJ mol−1) ΔS (J K−1 mol−1) −TΔS (kJ mol−1) n

Cr3+ −3.334 1.472 × 103 −18.08 49.47 −14.75 2.554
Cu2+ −12.82 1.825 × 103 −18.61 19.45 −5.799 1.171
Zn2+ −10.96 1.934 × 103 −18.76 26.15 −7.795 1.162
Ga3+ −7.416 2.693 × 103 −19.58 40.8 −12.16 2.800
Ce3+ −8.732 3.684 × 103 −20.36 38.99 −11.62 1.051
Cd2+ −8.828 5.691 × 103 −21.43 42.28 −12.61 1.319
In3+ −8.272 6.282 × 103 −21.68 44.97 −13.41 1.707
Hg2+ −45.74 7.819 × 103 −22.22 −78.87 23.52 0.360
Pb2+ −26.43 1.744 × 104 −24.21 −7.457 2.223 0.181

Environmental Science: NanoPaper
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interactions.10,50,51 The difference in magnitude of Mag-
Ligand binding with different metal ions is likely the result
of a combination of several factors, including the geometry of
the metal coordination complexes, ionic radii of the metal
cations and metal valence.52–54 Most of the stoichiometry (n)
values are close to 1 (Table 1), suggesting the complexation
between metal ions and the ligand (e.g. EDTA) associated on
the surface of Mag-Ligand particles is the dominant pro-
cess.55,56 However, for Hg2+ and Pb2+, the stoichiometry (n)
values are much lower than 1, and it may result from the con-
formational hindrance as Hg2+ and Pb2+ have larger ionic ra-
dii57 (Fig. 4). These key thermodynamic data of the interac-
tion between Mag-Ligand and nine different metal ions
indicate promising applications in environmental remedia-
tion and metal recovery processes.

3.3. Sorption kinetics of individual metal ions

Time dependent removal of Pb2+ (initial concentration = 10
mg L−1) by Mag-Ligand (0.2 g L−1) showed rapid adsorption
in the first 15 minutes, with >97% removal efficiency, and
thereafter the rate decreased gradually and reached equilib-
rium, as shown in Fig. 3A. Since most of the sorption oc-
curred in the first 30 minutes, the rest of the kinetic studies
were conducted with mixing times of 1, 5, 10, 15 and 30 mi-
nutes. Both pseudo-first-order and pseudo-second-order ki-
netic models were used to investigate the adsorption rate
(Fig. 3B), and were judged based on the regression coefficient
(R2). Sorption of Pb2+ by Mag-Ligand followed the pseudo-
second-order model (R2 = 0.997) better. The kinetic studies
for the 8 other metal ions are presented in Fig. S6.† The cal-
culated kinetic parameters are summarized in Table 2, indi-
cating very good fit with the pseudo-second-order model (R2

> 0.990), compared to a pseudo-first-order model.
The effective ionic radius of each metal ion serves to de-

termine the adsorption rate,58 as generally reflected by the re-
lation between ionic radius and k2 (Fig. 4, data for ionic radii
from Shannon, 1976 (ref. 59)). Smaller metal ions such as
Cr3+ and Cu2+ have much faster equilibrium rates than larger
ions (e.g. Cd2+ and Pb2+). This result can be expected because
the adsorption is controlled either by diffusion onto Mag-
Ligand's porous structure or by a second-order chemical reac-
tion60 with the chelating functional groups present on the
surface of Mag-Ligand,10 both of which are influenced by
metal ion size.

3.4. Sorption isotherms of individual metal ions

Fig. 5 presents the experimental results of the non-
competitive sorption for each metal ion (Cr3+, Cu2+, Ce3+,
Zn2+, In3+, Ga3+, Hg2+, Cd2+ and Pb2+) for the range of concen-
trations studied, as well as the fit of the Langmuir isotherm
model (fitted parameter values are summarized in Table 3).
Overall the Langmuir model provides excellent fit to the data
(results for Freundlich model not shown).

Pb2+ exhibited the highest adsorption capacity onto Mag-
Ligand (112.4 mg g−1) while Cr3+ exhibited the lowest sorp-

tion capacity (18.17 mg g−1). These differences reflect the dif-
ferent interaction strengths (e.g. binding affinity constant
and Gibbs free energy) between the individual metal ions and

Fig. 3 (A) Pb2+ sorption uptake versus time at pH 7; and (B) sorption
kinetics fitted by pseudo-first order (regression coefficient factor R2 =
0.864) and pseudo-second order (regression coefficient factor R2 =
0.997) models onto Mag-Ligand at pH 7.

Fig. 4 Equilibrium rate constants of kinetics k2 (red dots) versus
effective ionic radii (blue bars) (in pm, 1 pm = 10−12 m), data for ionic
radii from Shannon, 1976.59
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Mag-Ligand particles. Notably, the sequence of maximum
sorption capacity predicted by the Langmuir isotherm sorp-
tion model agreed with the trend of metal ion binding affinity
to Mag-Ligand (Fig. 6), with a correlation coefficient, r = 0.72,
indicating a strong positive relationship. Furthermore, the
similar trend among sorption capacity, kinetic rate and bind-
ing constants indicated that the most likely mechanisms of
interactions between metal ions and Mag-Ligand are com-
plexation reactions and adsorption onto porous structures.61

Interestingly these results do not follow the sequence in
conventional formation constants for metal–EDTA com-
plexes62 (logK, 298 K) strictly, which are 23.40 for Cr3+ and
18.04 for Pb2+, and the order of magnitude of the affinity con-
stants we obtained in the current study are much lower. As
indicated in our previous study,10 EDTA was covalently at-
tached to the APTES coated maghemite nanoparticles by the
formation of amide bonds between the carboxylic acid groups
of the complexing agent and amino groups provided by the
APTES coating. This covalent attachment requires that at

Fig. 5 Adsorption of individual metal ions (Cr3+, Cu2+, Ce3+, Zn2+, In3+, Ga3+, Hg2+, Cd2+ and Pb2+) onto Mag-Ligand with Langmuir adsorption
isotherms fit at pH 7, symbols represent experimental data, error bars represent standard deviation from the mean (n = 3), and red line represents
model prediction.

Table 3 Langmuir isotherm model fitted parameters for sorption of each
individual ion onto Mag-Ligand

Element qm (mg g−1) KL (L mg−1) R2

Cr3+ 18.17 3.154 0.999
Cu2+ 23.09 −2.221 0.937
Zn2+ 33.28 4.645 0.973
In3+ 34.21 4.684 0.967
Ga3+ 36.91 3.229 0.990
Ce3+ 27.56 14.69 0.988
Cd2+ 79.37 7.200 0.980
Hg2+ 74.97 12.83 0.961
Pb2+ 112.4 12.30 0.769

Table 2 Adsorption kinetics of metal ions onto Mag-Ligand. Based on
pseudo-second-order model for the adsorption kinetics of each individual
metal

Element qe (mg g−1) k2 (g h−1 mg−1) R2

Cr3+ 5.084 17.59 0.995
Cu2+ 25.71 7.566 0.997
Zn2+ 23.26 1.027 0.999
In3+ 16.50 4.590 0.998
Ga3+ 13.64 5.373 0.990
Ce3+ 22.37 2.220 0.996
Cd2+ 34.84 2.746 0.991
Hg2+ 42.02 2.832 0.999
Pb2+ 55.87 1.602 0.999
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least one of EDTA's carboxylic acid groups be bound, which
influences its complexing ability.63 Therefore, the binding ca-
pacity of EDTA attached to Mag-Ligand particles is different
from the unbound EDTA. The thermodynamic data is also
different, which needs to be determined, for example via ITC.

The Visual MINTEQ model was used to simulate metal
species distribution at pH 7 (Table S2†), the pH at which we
conducted the sorption studies. Most of the metals have free
ions as the dominant species (>96%), although all the metals
form aqueous hydroxide species at pH 7. Cr3+ and Cu2+ have
the smallest fraction of free ions, and a lower removal effi-
ciency (Table 3), suggesting that forming hydroxide species
may hinder the removal efficiency via conformational resis-
tance and/or reduced electrostatic binding or even repulsion.

Furthermore, the sorption studies were conducted under
different environmental conditions by adjusting the pH (Fig.
S7†) and the water hardness (i.e. the concentration of Ca2+

and Mg2+ present in the water matrices) (Fig. S8†). The re-
sults indicate stable and good performance across a wide
range of Ca2+ or Mg2+ concentrations (1–100 mg L−1) and pH
(3–7). In our previous study,10 Mag-Ligand also exhibited
high regenerability and reusability.

3.5. Competitive equilibrium of multiple metal ions

Since wastewater usually contains a wide variety of dissolved
metal ions we conducted competitive sorption with three
groups of metal ions, with equal initial metal ion concentra-
tions ranging from 1 to 20 mg L−1. In group 1 (Cd2+ and Pb2+)
removal efficiency of both metal ions increased first and then
decreased with increasing initial ion concentration, once the
maximum adsorption capacity was reached (Fig. 7A). In group
2 (Ga3+, In3+ and Ce3+) and group 3 (Cd2+, Pb2+, Cu2+, Zn2+,
Hg2+ and Cr3+), the removal efficiency of all the metal ions
decreased with increasing initial ion concentration, as shown
in Fig. 7B and C, respectively.

Fig. 7A indicates that Mag-Ligand has stronger affinity for
Pb2+ than Cd2+ in competitive sorption, with a maximum ad-

sorption capacity of 49.6 mg g−1 for Pb2+ and 19.3 mg g−1 for
Cd2+ (Table S4†), which agreed with the trend in individual

Fig. 6 Predicted maximum adsorption capacity (using Langmuir
model) of metal ions onto Mag-Ligand in individual sorption (blue bars)
versus the binding constant logKd (red dots).

Fig. 7 Competitive sorption of multiple metal ions (A) group 1: Cd2+

and Pb2+; (B) group 2: Ce3+ In3+ and Ga3+; and (C) group 3: Cr3+,
Zn2+, Cd2+, Hg2+, Pb2+ and Cu2+ onto Mag-Ligand at pH 7 as a func-
tion of initial ions concentration with a fixed adsorbent concentration
of 4 g L−1.
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sorption (Table 3). A similar trend was observed in group 2
(Fig. 7B), where the affinity was Ga3+ > In3+ > Ce3+, following
individual sorption sequence (Table 3).

However, in group 3 Cu2+ was sorbed to a greater extent
(21.4 mg g−1) than other metal ions, especially at the higher
initial concentration range (Fig. 7C). This was unexpected,
since Cu2+ exhibited relatively lower sorption capacity in indi-
vidual sorption compared to other metal ions (Table 3). At
low initial metal concentrations all metals are adsorbed,
since the sorption capacity of Mag-Ligand is not exceeded.
However, at high initial metal concentrations, the sorption
capacity is exceeded. Since Cu2+ is one of the smallest ions,59

it is likely that it can find certain sites which cannot be
reached by other metal ions, explaining the behavior.

The competitive isotherm sorption data was analyzed
using the Langmuir isotherm model (Fig. S9A–C†), and the
fitted parameters are listed in Table S4.† The maximum ad-
sorption capacities of all metal ions onto Mag-Ligand in com-
petitive sorption (Table S4†) are noticeably lower than that in
individual sorption (Table 3). This is expected since there are
a fixed number of adsorption sites on the Mag-Ligand parti-
cles which are shared by the various metal ions.10 We also
conducted an equi-molar concentration competitive sorption
study (Fig. S10A–C†), and the results generally agree with the
outcome of the equi-mass concentration study (Fig. 7A–C),
suggesting the molar gradient of the metal ion did not play a
key role in the competitive adsorption.

As shown in Fig. 8, the trend in maximum adsorption ca-
pacity of metal ions onto Mag-Ligand in competitive sorption
(based on the Langmuir model) generally agreed with the se-
quence of k2 (equilibrium kinetic rate constant). Thus, in
competitive sorption, as the number of binding sites on Mag-
Ligand particles is limited, metal ions with higher adsorption
rate occupy the sites first, leading to higher removal rate, re-
gardless of the affinity. This also explains the fact that Cu2+

showed slightly lower removal efficiency than other metal

ions at low initial concentration (Fig. 7C), as there were suffi-
cient absorption sites and Cu2+ has lower affinity to Mag-
Ligand.

4. Conclusion

We investigated the thermodynamics, kinetic and competitive
equilibrium of sorption using Mag-Ligand to remove several
different metal ions from aquatic systems. Using isothermal
titration microcalorimetry we determined the sequence of se-
lectivity as Cr3+ < Cu2+ < Zn2+ < Ga3+ < Ce3+ < Cd2+ < In3+

< Hg2+ < Pb2+. The interactions are enthalpically driven and
energetically favorable with exothermic binding reactions.
Given their large surface area relative to volume, these mag-
netic adsorbents result in fast kinetics, with >97% removal
in 15–30 min. The removal capacity remains high for a signif-
icant range of aqueous chemistries, over a range of pH (Fig.
S7†) and water hardness (Fig. S8†) conditions. The magnetic
behavior of Mag-Ligand results in fast and efficient solid–liq-
uid separation after the sorbent has extracted the metal ions
from the contaminated waters. Mag-Ligand showed high
sorption capacity (average ∼50 mg g−1) for these nine metal
ions, typically in less than 15 min. We demonstrate that Mag-
Ligand can be regenerated for reuse, providing a more sus-
tainable, fast, convenient, and efficient approach for heavy
metal remediation.

Acknowledgements

This work made use of MRL Central Facilities supported by
the MRSEC Program of the National Science Foundation un-
der awards No. DMR 1121053; a member of the NSF-funded
Materials Research Facilities Network (www.mrfn.org). We
thank the MRL Central Facilities for the use of their ICP and
ITC instruments as well as Amanda Strom and Rachel
Behrens at the UCSB MRL for their help with these instru-
ments. We also acknowledge the lab assistance of Aaron Ful-
ton. AAK also greatly appreciates Agilent Technologies for
their Agilent Thought Leader Award.

References

1 F. Ge, M. M. Li, H. Ye and B. X. Zhao, J. Hazard. Mater.,
2012, 211, 366–372.

2 J. E. Gall, R. S. Boyd and N. Rajakaruna, Environ. Monit.
Assess., 2015, 187, 1–21.

3 A. Khan, S. Khan, M. A. Khan, Z. Qamar and M. Waqas,
Environ. Sci. Pollut. Res., 2015, 22, 13772–13799.

4 J. J. Pan, J. F. Pan and M. Y. Diao, Hum. Ecol. Risk Assess.,
2015, 21, 2155–2169.

5 P. J. Thomas, D. Carpenter, C. Boutin and J. E. Allison,
Chemosphere, 2014, 96, 57–66.

6 X. Li, Z. Chen, Z. Chen and Y. Zhang, Chemosphere, 2013, 93,
1240–1246.

7 J. A. R. Martin, C. Gutierrez, M. Escuer, M. T. Garcia-
Gonzalez, R. Campos-Herrera and N. Aguila, Sci. Total
Environ., 2014, 473, 518–529.

Fig. 8 Langmuir model predicted maximum adsorption capacity (qe)
of metal ions onto Mag-Ligand in group competitive sorption (blue
bars) versus the equilibrium kinetic rate constant, k2 (red dots).

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
19

/0
9/

20
16

 1
8:

45
:5

5.
 

View Article Online

http://www.mrfn.org
http://dx.doi.org/10.1039/C6EN00227G


Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2016

8 J. A. Rodríguez Martín, C. De Arana, J. J. Ramos-Miras, C. Gil
and R. Boluda, Environ. Pollut., 2015, 196, 156–163.

9 A. Argyraki and E. Kelepertzis, Sci. Total Environ., 2014, 482,
366–377.

10 Y. Huang and A. A. Keller, Water Res., 2015, 80, 159–168.
11 Y. Huang, J.-K. Yang and A. A. Keller, ACS Sustainable Chem.

Eng., 2014, 2, 1128–1138.
12 Y. Su, A. S. Adeleye, Y. Huang, X. Sun, C. Dai, X. Zhou, Y.

Zhang and A. A. Keller, Water Res., 2014, 63, 102–111.
13 Y. Su, A. S. Adeleye, A. A. Keller, Y. Huang, C. Dai, X. Zhou

and Y. Zhang, Water Res., 2015, 74, 47–57.
14 H. Zhou, M. Zeng, X. Zhou, B.-H. Liao, P.-Q. Peng, M. Hu, W.

Zhu, Y.-J. Wu and Z.-J. Zou, Plant Soil, 2015, 386, 317–329.
15 A. S. Adeleye, J. R. Conway, K. Garner, Y. Huang, Y. Su and

A. A. Keller, Chem. Eng. J., 2016, 286, 640–662.
16 X. L. Qu, P. J. J. Alvarez and Q. L. Li, Water Res., 2013, 47,

3931–3946.
17 N. Savage and M. S. Diallo, J. Nanopart. Res., 2005, 7,

331–342.
18 Y. Liu, M. Chen and H. Yongmei, Chem. Eng. J., 2013, 218,

46–54.
19 M. E. Mahmoud, M. S. Abdelwahab and E. M. Fathallah,

Chem. Eng. J., 2013, 223, 318–327.
20 F. Zhang, Z. Zhu, Z. Dong, Z. Cui, H. Wang, W. Hu, P. Zhao,

P. Wang, S. Wei, R. Li and J. Ma, Microchem. J., 2011, 98,
328–333.

21 D. Dupont, W. Brullot, M. Bloemen, T. Verbiest and K.
Binnemans, ACS Appl. Mater. Interfaces, 2014, 6, 4980–4988.

22 Y. Huang, A. N. Fulton and A. A. Keller, Sci. Total Environ.,
2016, DOI: 10.1016/j.scitotenv.2016.07.093.

23 P. Wang, Q. Shi, Y. Shi, K. K. Clark, G. D. Stucky and A. A.
Keller, J. Am. Chem. Soc., 2008, 131, 182–188.

24 L. Yu, G. Hao, J. Gu, S. Zhou, N. Zhang and W. Jiang,
J. Magn. Magn. Mater., 2015, 394, 14–21.

25 Y. Huang, A. N. Fulton and A. A. Keller, Environ. Sci.: Water
Res. Technol., 2016, 2, 521–528.

26 K. K. Clark and A. A. Keller, Water, Air, Soil Pollut.,
2012, 223, 3647–3655.

27 W. Wang, Y. Li, Q. Wu, C. Wang, X. Zang and Z. Wang, Anal.
Methods, 2012, 4, 766–772.

28 H. Wang, A. A. Keller and K. K. Clark, J. Hazard. Mater.,
2011, 194, 156–161.

29 C. Dong, W. Chen and C. Liu, Appl. Surf. Sci., 2014, 292,
1067–1076.

30 K. K. Clark and A. A. Keller, Water Res., 2012, 46, 635–644.
31 Y. Fu, J. Wang, Q. Liu and H. Zeng, Carbon, 2014, 77,

710–721.
32 Y. Huang and A. A. Keller, ACS Sustainable Chem. Eng.,

2013, 1, 731–736.
33 S. Ghosh, A. Z. M. Badruddoza, K. Hidajat and M. S. Uddin,

J. Environ. Chem. Eng., 2013, 1, 122–130.
34 R. Ghai, R. J. Falconer and B. M. Collins, J. Mol. Recognit.,

2012, 25, 32–52.
35 A. Velazquez-Campoy, S. A. Leavitt and E. Freire, Protein-

Protein Interactions: Methods and Applications, 2015, pp. 183–
204.

36 J. Y. Kim, T. Ikegami, Y. Goto, T. Hase and Y.-H. Lee, in
Molecular Physiology and Ecophysiology of Sulfur, Springer,
2015, pp. 169–177.

37 M. Kabiri and L. D. Unsworth, Biomacromolecules, 2014, 15,
3463–3473.

38 S. Perspicace, A. C. Rufer, R. Thoma, F. Mueller, M. Hennig,
S. Ceccarelli, T. Schulz-Gasch and J. Seelig, FEBS Open Bio,
2013, 3, 204–211.

39 M. K. Transtrum, L. D. Hansen and C. Quinn, Methods,
2015, 76, 194–200.

40 Y. Zhao, J. K. Marzinek, P. J. Bond, L. Chen, Q. Li, A.
Mantalaris, E. N. Pistikopoulos, M. G. Noro, L. Han and G.
Lian, J. Pharm. Sci., 2014, 103, 1224–1232.

41 A. Patra, S. Hazra, N. Samanta, G. S. Kumar and R. K. Mitra,
Int. J. Biol. Macromol., 2016, 82, 418–424.

42 V. Karlsen, E. B. Heggset and M. Sørlie, Thermochim. Acta,
2010, 501, 119–121.

43 F. Loosli, L. Vitorazi, J.-F. Berret and S. Stoll, Environ. Sci.:
Nano, 2015, 2, 541–550.

44 F. Loosli, L. Vitorazi, J.-F. Berret and S. Stoll, Water Res.,
2015, 80, 139–148.

45 E. Freire, O. L. Mayorga and M. Straume, Anal. Chem.,
1990, 62, 950A–959A.

46 M. S. Searle, M. S. Westwell and D. H. Williams, J. Chem.
Soc., Perkin Trans. 2, 1995, 141–151.

47 A. F. D. de Namor and D. A. P. Tanaka, J. Chem. Soc.,
Faraday Trans., 1998, 94, 3105–3110.

48 D. L. Wright, J. H. Holloway and C. N. Reilley, Anal. Chem.,
1965, 37, 884–892.

49 M. De, O. R. Miranda, S. Rana and V. M. Rotello, Chem.
Commun., 2009, 2157–2159.

50 A. R. Bowers and C. Huang, J. Colloid Interface Sci.,
1986, 110, 575–590.

51 H. E. Allen and P. H. Chen, Environ. Prog., 1993, 12,
284–293.

52 P. X. Sheng, Y.-P. Ting, J. P. Chen and L. Hong, J. Colloid
Interface Sci., 2004, 275, 131–141.

53 A. K. Sengupta, Y. Zhu and D. Hauze, Environ. Sci. Technol.,
1991, 25, 481–488.

54 L. V. A. Gurgel and L. F. Gil, Water Res., 2009, 43, 4479–4488.
55 A. D. Nielsen, C. C. Fuglsang and P. Westh, Anal. Biochem.,

2003, 314, 227–234.
56 T. Christensen, D. M. Gooden, J. E. Kung and E. J. Toone,

J. Am. Chem. Soc., 2003, 125, 7357–7366.
57 M. De, C.-C. You, S. Srivastava and V. M. Rotello, J. Am.

Chem. Soc., 2007, 129, 10747–10753.
58 N. Unlu and M. Ersoz, J. Hazard. Mater., 2006, 136, 272–280.
59 R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,

Theor. Gen. Crystallogr., 1976, 32, 751–767.
60 C. Kantipuly, S. Katragadda, A. Chow and H. D. Gesser,

Talanta, 1990, 37, 491–517.
61 B. Gu, J. Schmitt, Z. Chen, L. Liang and J. F. McCarthy,

Environ. Sci. Technol., 1994, 28, 38–46.
62 D. C. Harris, Quantitative chemical analysis, Macmillan, 2010.
63 A. BernkopSchnurch, C. Paikl and C. Valenta, Pharm. Res.,

1997, 14, 917–922.

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
19

/0
9/

20
16

 1
8:

45
:5

5.
 

View Article Online

http://dx.doi.org/10.1039/C6EN00227G

	crossmark: 


