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A B S T R A C T

In this study, novel magnetic infinite coordination polymer Fe3O4@Tb/AMP core-shell nanoparticles were ra-
tionally designed and fabricated as recyclable adsorbents for selective removal of anionic dyes from colored
wastewater. The core-shell nanoparticles used in this study are composed of two components: the shell is the
supramolecular infinite coordination polymers (ICPs) network formed by terbium ions (Tb3+) and adenosine 5′-
monophosphate monohydrate (AMP) ligands and the core is the Fe3O4 nanoparticles which are encapsulated
into the ICP network by the self-adaptive inclusion process. The prepared core-shell nanoparticles showed su-
periority in strong magnetism and selective adsorption towards anionic dyes, such as Alizarin Red (AR) and
Congo Red (CR). Parameters that influenced the adsorption process, such as solution pH, salt concentration and
adsorbent dosage were investigated. Under the optimal conditions, adsorption kinetics, isotherms and ther-
modynamics were also determined. Notably, this nano-adsorbent exhibited rapid adsorption feature (almost
96% dye removal in 5min) and the adsorption isotherm data fitted quite well with the Langmuir model with an
estimated maximum adsorption capacity of 357.14 mg g−1 for AR and 909.09 mg g−1 for CR at 298 K. This
capacity could be further enhanced at the higher temperatures. In addition, the Fe3O4@Tb/AMP core-shell
nanoparticles could be regenerated by a simple salt/ethanol-washing method and used with high recyclability
over five cycles. With the magnetically separable Fe3O4@Tb/AMP core-shell nanoparticles as adsorbents, se-
lective removal of toxic anionic dyes from colored wastewater could be realized directly, which is of great
importance for the sustainable development of dye contaminated wastewater treatment technology.

1. Introduction

With the fast development of social economy and rapid pace of
industrialization, environmental pollution, in particular dye waste-
water pollution, has become one of the serious issues. Over the past few
years, the synthetic dyes are widely used in textiles, plastics, rubber,
cosmetics, printing, leather, pharmaceuticals and food processing in-
dustries [1–3]. Based on the different chemical structures, the dye
molecules can be classified as anionic (direct, acid, reactive), cationic
(basic) and nonionic (disperse). Among these, reactive dyes are ex-
tensively used, for example, azo and anthraquinone, two major classes
of reactive dyes, together represent 90% of all organic colorants. Due to
their interaction with hydroxyl ions in the solution, these dyes are

always wasted in the dyeing process, remained in the effluents and are
hardly eliminated under aerobic conditions [4–6]. The inappropriate
disposal of wastewater containing these dyes to the aquatic ecosystems
directly causes great harm to public health and ecological equilibrium
[7]. In the provision of clean water, it is imperious to realize efficient
removal of dyes from wastewater [8–10]. Chemical and biological
methods are very effective for the treatment of dye wastewater, but the
requirements of large amounts of supporting materials and generation
of by-products limit their applications, especially for those anionic dyes
with high water solubility and low biodegradability. In comparison,
owing to the simplicity, low cost and high efficiency, removing dyes
through physical adsorption is deemed as an adaptable method
[11–13]. However, it is not an easy task to take care of the effluents
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containing anionic dyes for probable industrial reuse. Recyclable ad-
sorbents with tailorable selectivity to isolate anionic dye species in
colored wastewater is a great challenge.

So far, a variety of nanostructured porous materials are preferred in
adsorption technology due to the smaller size, higher surface area and
inter particle interaction affinity, for example, carbon-based materials,
metal-organic frameworks (MOFs) or zeolitic imidazole frameworks
(ZIFs) have been widely used for dye adsorption with the improved
effectiveness and efficiency [14–20]. Recently, nanoscale infinite co-
ordination polymer (ICP) particles have stimulated our interest. Unlike
their counterparts of MOFs or ZIFs, ICPs are amorphous nanoparticles
of supramolecular coordination polymer networks self-assembled from
metal ions and multitopic ligands in a mild condition. They typically
lack crystallinity and therefore a well-defined framework. While this
‘‘structural flexibility’’ can certainly be a disadvantage in certain ap-
plications, it is of key importance to fabricate the recyclable adsorbents
for selective removal of particular dyes, because of the following rea-
sons: (1) highly tailorable metal ions and ligands allowed for re-
cognizing dyes through some specific binding, such as the ionic inter-
actions, hydrogen bonding, p-p interactions [21,22]; (2) adjustable
porosities and structural flexibility could be rationally tuned to ac-
commodate dyes by adapting to the shape of guest molecules [23]; (3)
and most importantly, excellent adaptive capability of guest en-
capsulation facilitated the formation of novel adsorbents with multi-
functionalities through simple “one-pot” reaction [24–29]. The as-
formed ICP adsorbents combine the inherent properties of porous net-
work and functional guest (i.e., magnetic nanoparticles), which could
be favorable to realize fast and convenient separation in the processing

and recovery stages and is more adaptive for selective removal of an-
ionic dyes from colored wastewater.

In this study, we for the first time reported the magnetic infinite
coordination polymer Fe3O4@Tb/AMP core-shell nanoparticles as re-
cyclable adsorbents for selective removal of anionic dyes, Alizarin Red
(AR, anthraquinone) [30], Congo Red (CR, azo) [31] as model, from
colored wastewater by taking the advantage of their host-guest syner-
getic effect. Herein, positive trivalent lanthanide ions Tb3+ with large
coordination numbers, versatile coordination geometry and high co-
ordination flexibility were selected as central metal ion, nucleotides 5′-
monophosphate monohydrate (AMP) with nucleobases and phosphate
groups served as bidentate ligands to form water-stable Tb/AMP shell
through self-assembled chemistry, in which Fe3O4 nanoparticles were
in-situ incorporated as guest to form the Fe3O4@Tb/AMP core-shell
nanoparticles, as shown in Scheme 1a. As nano-adsorbents, the mag-
netic properties and selective adsorption properties of as-prepared
Fe3O4@Tb/AMP core-shell nanoparticles were then investigated by
batch experiments. The selectivity of Fe3O4@Tb/AMP core-shell na-
noparticles towards anionic AR/CR rather than cationic dye was stu-
died and the probable mechanism was investigated (Scheme 1a and b).
Besides, effects of initial solution pH, salt concentration and adsorbent
dosage on adsorption behavior were examined. Moreover, mechanisms
with adsorption kinetic, isotherm, thermodynamic were measured and
discussed. The regenerability and recyclability of core-shell nano-
particles was assessed via cycling experiment. Finally, under the op-
timal condition, the practical application of the developed Fe3O4@Tb/
AMP core-shell nanoparticles for selective removal of anionic dyes from
colored wastewater was testified.

Scheme 1. (a) Schematic illustration for the fabrication of Fe3O4@Tb/AMP core-shell nanoparticles. (b) Schematic illustration for selective removal of anionic dyes
by using magnetic Fe3O4@Tb/AMP ICP core-shell nanoparticles.

W. Huang et al. Applied Surface Science 462 (2018) 453–465

454



2. Experimental

2.1. Materials and reagents

Terbium nitrate pentahydrate (Tb(NO3)3·5H2O), Alizarin Red (AR),
Congo Red (CR) and iron oxide magnetic nanoparticles (Fe3O4) were
purchased from Aladdin (Shanghai, China). Adenosine 5′-monopho-
sphate monohydrate (AMP) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). N-2-Hydroxyethylpiperazine-N’-2-ethane-sulfonic
acid (HEPES) was obtained from Sangon Biotech Co. Ltd. (Shanghai,
China). Methylene Blue (MB) and Malachite Green (MG) were obtained
J & K. (Beijing, China). All chemicals were analytical grade reagents at
least and used without further purification. All aqueous solutions were
prepared with Milli-Q water (18.2MΩ cm). Unless otherwise noted, all
experiments were carried out at room temperature.

2.2. Synthesis of Fe3O4@Tb/AMP core-shell nanoparticles

Initially, the encapsulation of Fe3O4 nanoparticles into the Tb/AMP
shell was carried out by the following procedures. Briefly, the aqueous
solution of Tb(NO3)3·5H2O (10mL, 10mM) was added into 10mL
HEPES buffer (0.1 M, pH 7.4) containing AMP (10mM) and magnetic
iron oxide nanoparticles (20mg) under ultrasonication [29]. Within a
minute, a dark-brown precipitation was obtained and the collected
precipitation was then centrifuged and washed with water for several
times. Here, we need to mention that the amount of the “core” Fe3O4

nanoparticles was optimized as 1.0mgmL−1, as demonstrated in Fig.
S1.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.08.122.

2.3. Characterization

The size and morphology of as-prepared Fe3O4@Tb/AMP core-shell
nanoparticles were characterized by Transmission Electron Microscopy
(TEM) and Energy Dispersive Spectrometer (EDS) (JEOL 2100F, Japan).
Magnetic measurements were performed on PPMS-9T (EC-II) Physical
Property Measurement System (Quantum Design, USA) at 298 K. The
zeta potential was analyzed using a Malvern Zen 3600 Zetasizer
(Malvern Instruments, United Kingdom). UV–vis spectra were recorded
on a UV-1800 spectrophotometer (Shimadzu, Japan) and photographs
were captured by a Canon IXUS 951S digital camera.

2.4. Adsorption study

To evaluate the adsorption behavior of Fe3O4@Tb/AMP core-shell
nanoparticles, the dye adsorption study was performed using batch
experiments. Firstly, 5000mg L−1 standard reserving solution for the
dye was prepared by dissolving 500mg dye powders with Milli-Q water
in 100mL volumetric flask. Then the dye solutions were simply pre-
pared by diluting the standard reserving solution with Milli-Q water
before the adsorption experiment. During the adsorption study, we
investigated the UV–vis spectrum of the dyes at different conditions and
the dye concentrations could be determined by Beer–Lambert law di-
rectly, because the amount of absorbed light of dye solution is directly
related to its concentration, as shown in Eq. (1) [32].

= εA bc (1)

Here, A is the absorbance; ε is the molar absorptivity; b is the path
length (here is the width of the quartz cell containing the dye solution);
c is the concentration of the compound in solution.

The adsorption efficiency was calculated as Eq. (2) [33]:

= − ×C C
C

Adsorption efficiency ( ) 100%t0

0 (2)

where C0 (mg L−1) is the initial concentration of dye; Ct (mg L−1) is the

residual concentration of dye. Because the initial concentration of the
studied dyes in this work had been chosen in Beer Lambert linear range,
instead of Eq. (2) the following equation was used [34]:

= − ×A A
A

Adsorption efficiency ( ) 100%t0

0 (3)

where A0 is the maximum adsorption peak of the dye at their initial
concentration; and At equals the absorbance of these solutions after the
removal process at different conditions.

The effect of initial pH value on the adsorption of dyes was per-
formed by dispersing 3.0 mg Fe3O4@Tb/AMP core-shell nanoparticles
into 1mL dye solution with different pH ranging from 2.0 to 9.0. To
determine the effect of ionic strength, the adsorption study was carried
out by changing the salt concentration of NaCl, NaNO3 and Na2SO4

from 0 to 1.0M.
The adsorbent dosage on dynamic behavior of adsorption was next

examined by adding different amount of Fe3O4@Tb/AMP core-shell
nanoparticles (0–10.5 mg) into 1.0 mL dye solution.

The kinetics of dye adsorption was conducted by mixing 120mg
Fe3O4@Tb/AMP core-shell nanoparticles with 40mL dye solution
(800mg L−1 for AR and 1600mg L−1 for CR) in a thermostatic shaker
MTH-100. The concentrations of dye were then measured at the end of
1, 2, 3, 4, 5 min.

The adsorption isotherm studies were also conducted by adding
3mg of Fe3O4@AMP/Tb nanoparticles into 1mL dye solution with the
concentration ranging from 100mg L−1 to 1000mg L−1 for AR, and
400mg L−1 to 2600mg L−1 for CR. The mixture was stirred in a ther-
mostatic shaker MTH-100, and then the dyes were separated im-
mediately from the aqueous phase by an external magnet. The ad-
sorption efficiency was calculated as Eq. (4) [33]:

= − ×C C
C

Adsorption efficiency 100%e0

0 (4)

And the equilibrium uptake was calculated using Eq. (5) [35]:

= − ×q C C V
m

( )e e0 (5)

where qe (mg g−1) is the equilibrium adsorption capacity; C0 (mg L−1)
is the initial concentration of dye; Ce (mg L−1) is the residual dye
concentration in solution at equilibrium; V (L) is the volume of the dye
solution and m (g) is the weight of adsorbent.

The thermodynamic parameters of the adsorption process were
further obtained by running the adsorption system at 298 K, 313 K, and
328 K, with other conditions unchanged. The residual dye concentra-
tion was measured via UV–vis spectrophotometer after a pre-de-
termined adsorption time.

2.5. Desorption and reusability

The regeneration of the magnetic Fe3O4@Tb/AMP core-shell na-
noparticles for AR/CR was evaluated through five successive cycles
based on two experimental procedures. Firstly, 12mg Fe3O4@Tb/AMP
core-shell nanoparticles was mixed with 4mL dye solution (100mg L−1

for AR and 200mg L−1 for CR). After magnetic separation, the dye-
loaded adsorbents were then added to 8mL Na2SO4 (1M) aqueous
solution for AR and 4mL methanol/NaCl (2M) solution with a volume
ratio (v/v=3:1) for CR at the temperature of 310 K. After shaking for
2 h, the regenerative adsorbent was washed thoroughly using Milli-Q
water and then reused for the subsequent cycles.

2.6. Selective separation of anionic dyes from colored wastewater

The selective removal of anionic dyes from colored wastewater was
investigated under optimal adsorption conditions. Firstly, a mixed
aqueous solution of the anionic and cationic dye (100mg L−1 AR/
20mg L−1 MB in pH 5 or 200mg L−1 CR/100mg L−1 MG in pH 6) was
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formed. Then 3mg Fe3O4@Tb/AMP core-shell nano-adsorbents was
added into 1mL as-formed dye solution. After magnetic separation, the
residual concentration of anionic and cationic dyes was detected by a
UV–vis spectrophotometer.

Selective removal of anionic dyes of wastewater from textile in-
dustry was carried out by dispersing 3mg Fe3O4@Tb/AMP core-shell
nano-adsorbents directly into 1.0mL colored wastewater 1 which
contained anionic dye, colored wastewater 2 with the addition of AR
(100mg L−1) or CR (200mg L−1), respectively. After magnetic se-
paration, the anionic dye remained in colored wastewater from textile
industry was detected by a UV–vis spectrophotometer.

3. Results and discussions

3.1. Preparation and characterization of Fe3O4@Tb/AMP core-shell
nanoparticles

Initially, magnetic Fe3O4 nanoparticles with uniform size
10.29 ± 3.18 nm were chosen as core (Fig. 1a) and lanthanide based
infinite coordination polymers Tb/AMP were selected as shell (Fig. 1b).
By taking the advantage of self-adaptive inclusion property of the su-
pramolecular network of Tb/GMP, Fe3O4@Tb/AMP core-shell nano-
particles were synthesized through “one-pot” reaction easily. The as-
formed Fe3O4@Tb/AMP core-shell nanoparticles exhibited a dark-
brown color and well-dispersed in aqueous solution (Fig. 1c, inset, left).

Fig. 1. (a) TEM images of Fe3O4 nanoparticles. Inset: photographs (left) and the size distributions (right) of Fe3O4 nanoparticles; (b) TEM images of Tb/AMP ICP
nanoparticles. Inset: photographs; (c) TEM images of Fe3O4@Tb/AMP core-shell nanoparticles. Inset: photographs (left) and high-resolution TEM images (right); (d)
TEM-EDS micrograph and the elemental analysis of Fe3O4@Tb/AMP core-shell nanoparticles.
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To further verify the encapsulation of Fe3O4 nanoparticles into Tb/
AMP shell, we investigated transmission electron microscopy (TEM)
and transmission electron microscope-energy dispersive spectroscopy
(TEM-EDS) of Fe3O4@Tb/AMP core-shell nanoparticles. Fig. 1c clearly
showed that Fe3O4 nanoparticles were surrounded by the amorphous
shell of Tb/AMP ICPs with a thickness about 30–40 nm and the size of
whole core-shell nanoparticles was about 50–60 nm (Fig. 1c, inset,
right). Moreover, TEM-EDS micrograph and the elemental analysis of
the Fe3O4@Tb/AMP core-shell nanoparticles showed the presence of
Tb, Fe, C, N, O and P elements, which was also indicative of the suc-
cessful formation of Fe3O4@Tb/AMP core-shell nanoparticles (Fig. 1d).

The magnetic property of as-formed Fe3O4@Tb/AMP core-shell
nanoparticles was next characterized by a vibrating sample magnet-
ometer and compared with the core Fe3O4 nanoparticles. As shown in
Fig. 3, the magnetic hysteresis loops indicate the magnetic saturation
(Ms) values for Fe3O4 nanoparticles and Fe3O4@Tb/AMP core-shell
nanoparticles are 52.61 emu g−1, 19.24 emu g−1, respectively. The
decrease of Ms for Fe3O4@Tb/AMP core-shell nanoparticles may attri-
bute to the local environmental changes of Fe3O4 nanoparticles caused
by the wrapping of Tb/GMP networks [36]. Nevertheless, the Ms value
of core-shell nanoparticles was sufficient for the immediate removal the
core-shell nanoparticle by using an external magnet easily (Fig. 2, inset)
[37,38].

The adsorption property of as-formed Fe3O4@Tb/AMP core-shell
nanoparticles was further examined. Alizarin Red (AR, anthraquinone)
and Congo Red (CR, azo) which represent two major of reactive dyes
were used as models for anionic dyes. Methylene Blue (MB) and
Malachite Green (MG) with different UV–vis absorption from AR and
CR were chosen as models for cationic dyes. As shown in Fig. 3, the sole
addition of the Fe3O4 nanoparticles into either anionic or cationic dye
solution does not cause obvious change either in the color or in the
UV–vis spectra after magnetic separation, indicating that the Fe3O4

nanoparticles cannot adsorb any dyes. With the addition of Fe3O4@Tb/
AMP core-shell nanoparticles, both the color and the characteristic peak
of AR/CR disappeared after separation by permanent magnet, while
that for MB/MG remained almost the same, suggesting the selective
absorption property of Fe3O4@Tb/AMP core-shell nanoparticles to-
wards anionic AR/CR rather than cationic MB/MG, and this selectivity
may result from the shell. The as-formed Fe3O4@Tb/AMP core-shell
nanoparticles well-combined the inherent properties of both the core
Fe3O4 nanoparticles and the shell Tb/AMP, are very promising to rea-
lize the selective adsorption and magnetic separation of anionic dyes
from colored wastewater in a cost-effective way.

To gain more insight into the selective adsorption mechanism,
Fourier transfer infrared (FT-IR) spectra of Fe3O4@Tb/AMP core-shell
nanoparticles, AR/CR before and after adsorption were investigated. As
shown in Fig. 4, for Fe3O4@Tb/AMP core-shell nanoparticles (black
curve), the peak at 1477 cm−1 is attributed to the N7-C8 stretching
vibration in the adenine moieties, 1109 and 994 cm−1 are ascribed to
vasPO4 and vsPO4 stretching vibration of phosphate groups, respectively
[21]. In addition, the absorption at 580 cm−1 is assigned to the
stretching of Fe-O vibration, again validating the encapsulation of the
Fe3O4 nanoparticles in Tb/AMP shell [39]. When AR/CR was absorbed
on Fe3O4@Tb/AMP core-shell nanoparticles, the corresponding peak
wavenumbers slightly shifted to 1478, 1110, 993, and 1478, 1111,
996 cm−1, respectively (blue curve), demonstrating that the adsorption
of AR/CR had little effect on the structural integrity of Fe3O4@Tb/AMP
core-shell nanoparticles. The minor changes in the wavenumber could
be attributed to weak binding interactions between AR/CR and Tb/
AMP. For free AR (Fig. 4a), the characteristic peaks at 1665, 1637 cm−1

are attributed to C]O stretching vibration, the peaks at 1589,
1439 cm−1 are due to the C]C bonds in benzene ring and the bands at
1159, 1068, 639 cm−1 are due to the sulfonic groups [40]. For CR
(Fig. 4b), the characteristic peak appeared at 1583 cm−1 is contributed
to N]N stretching, the peaks at 832, 750, 699 cm−1, are attributed to
aromatic skeletal groups; the peaks at 1350 cm−1, is due to S-O
stretching; the peaks at 1226, 1178, 1064, 640 cm−1, are corresponding
to S]O stretching in sulfonate groups [41,42]. Interestingly, after ad-
sorption, the characteristic peaks of AR/CR could not be observed,
suggesting that the anionic dyes may locate interior of Tb/AMP shell
rather than simply adsorbed on the surface, thus the vibration of AR/CR
was restrained due to the shielding effect of ICPs shell [43]. From all of
these results demonstrated above, we concluded the porosities, highly
structural flexibility of Tb/AMP shell would be favorable for defusing
and accommodating anionic dyes into the network and large co-
ordination number of the positive trivalent lanthanide ions facilitated
the possible binding of anionic dyes to achieve the selectivity.

3.2. Optimization for adsorption of anionic AR/CR.

3.2.1. Effect of initial pH
To realize the selective removal of anionic dyes from wastewater,

the adsorption experimental conditions were optimized. pH values,
which could change the degree of the ionization of the dyes and the
surface charge of Fe3O4@Tb/AMP core-shell nanoparticles, was firstly
taken into account [44]. As shown in Fig. 5a, the adsorption efficiency
reaches the maximum at pH 5.0 for AR (94.02%) and at pH 6.0 for CR
(96.35%). To clarify the impact of pH on AR/CR adsorption more
clearly, the isoelectric point (IEP) of the Fe3O4@Tb/AMP core-shell
nanoparticles was determined to be 6.1 (Fig. 5b). Therefore, the surface
charge of Fe3O4@Tb/AMP core-shell nanoparticles would be positive,
when pH was lower than 6.1. With the presence of sulfonate groups,
both AR and CR are anionic in nature, as a result, in acidic environ-
ment, electrostatic interaction between the positively charged
Fe3O4@Tb/AMP core-shell nanoparticles and negatively charged dye
molecules advanced AR/CR adsorption. However, the excessive hy-
drogen ions might compete with the magnetic ICP core-shell nano-
particles, leading to the adsorption capacity declined with decreasing of
pH under IEP. Conversely, when pH was higher than IEP, the excess of
negative-charged hydroxyl ions (OH−) interacted with the adsorbent,
consequently, the repulsive interactions between Fe3O4@Tb/AMP core-
shell nanoparticles and AR/CR enhanced, thus the adsorption efficiency
of dye molecules decreased with increasing pH higher than IEP.

3.2.2. Effect of salt concentration
Actually, the wastewater from textile and dyestuff industries was a

mixture of dyes and large amounts of negative ions, such as NO3
−,

SO4
2− and Cl−. The anion exchange mechanism between the salt anion

and anionic dye molecules with the cationic nano-absorbents via ionic

Fig. 2. Magnetic hysteresis curves of Fe3O4 and Fe3O4@AMP/Tb core-shell
nanoparticles at 298 K. Inset: photographs of the separation of Fe3O4@AMP/Tb
core-shell nanoparticles from solution by a permanent magnet.
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interactions may retard the adsorption performance [45]. Based on this,
NaCl, NaNO3 and Na2SO4 with different concentration ranging from
0M to 1.0M were added into dye solution and the effect of salt con-
centration was tested, respectively. As shown in Fig. 5c, d, the increase
in the concentration of NaCl or NaNO3 from 0M to 1.0M shows little
impact on adsorption efficiency of Fe3O4@Tb/AMP core-shell nano-
particles toward anionic dyes, especially for CR. However, with in-
creasing the concentration of Na2SO4, AR/CR adsorption efficiency
decreased obviously. This difference may be derived from both the
competitive binding interaction between SO4

2− and the sulfonic group
of AR/CR towards Tb3+ and the stronger repulsive effect of SO4

2−

towards AR/CR than that of Cl−, NO3
−. Furthermore, the concentra-

tion of SO4
2− showed less effect on the CR uptake by Fe3O4@Tb/AMP

core-shell nanoparticles than that on AR, which may due to the two
sulfonic groups of CR increased the repulsive effect of the nano-

absorbents to SO4
2−.

3.2.3. Effect of adsorbent dosage
It is well-known that the adsorbent dosage plays very important

roles in removing AR/CR dyes from aqueous solution. Fig. 6 re-
presented the effect of Fe3O4@Tb/AMP core-shell nanoparticles dosage
on AR/CR adsorption. For both dyes, the adsorption efficiency became
more and more efficient upon increasing the adsorption amount from 0
to 3mg and then was hardly influenced by further increasing the ad-
sorbent dosage. The maximum removal of AR (100mg L−1, 94.16%)
and CR (200mg L−1, 95.96%) were achieved in the presence of 3mg
Fe3O4@Tb/AMP core-shell nanoparticles.

This phenomenon can be elucidated as following: at the first stage,
with increasing the dosage of Fe3O4@Tb/AMP core-shell nanoparticles,
higher adsorbent surface and larger availability adsorption sites of

Fig. 3. Structures (left), UV–vis spectra and photographs (inset) of the dye solution without and with presence of Fe3O4 nanoparticles (middle) and Fe3O4@Tb/AMP
core-shell nanoparticles (right). AR (100mg L−1) (a); CR (200mg L−1) (b); MB (20mg L−1) (c); MG (100mg L−1) (d).
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Fe3O4@Tb/AMP core-shell nanoparticles advanced dye adsorption.
Nevertheless, with subsequent increasing the dosage of adsorbent,
overlapping or aggregation of adsorption sites decreased the available
binding sites of per unit adsorbent. Consequently, the total adsorption
sites approached to saturate and the rate of adsorption tended to reach

equilibrium [46].

3.3. Adsorption kinetics, isotherm and thermodynamic studies

To realize selective adsorption and separation of anionic dyes from

Fig. 4. FTIR spectra of Fe3O4@Tb/AMP core-shell nanoparticles, free dyes and dye adsorbed Fe3O4@Tb/AMP core-shell nanoparticles. AR (a) and CR (b).

Fig. 5. (a) Effect of pH on adsorption efficiency. (b) IEP of the Fe3O4@Tb/AMP core-shell nanoparticles; (c) Effect of NaCl, NaNO3 and Na2SO4 concentration on
adsorption efficiency towards AR (c) and CR (d) (Conditions: adsorbent dosage, 3mg; initial dye concentration, AR: 100mg L−1 and CR: 200mg L−1; and at the
temperature of 298 K).
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colored wastewater, adsorption kinetics which correlated with treat-
ment cost in terms of adsorbent dose per unit time were studied firstly
from the practical viewpoint. As shown in Fig. 7, both AR and CR
achieve adsorption equilibriums within five minutes and the adsorption
efficiency is around 96%. To verify the mechanism of fast adsorption
and its potential rate-controlling step, intra-particle diffusion model,
pseudo-first-order and pseudo-second-order models were employed for
Fe3O4@Tb/AMP core-shell nanoparticles (Fig. S2). As is shown in Fig
S2a and b, when the Weber and Morris intra-particle diffusion model is
employed, the plotted line does not pass through the origin and the
correlation was poor (Table S1), indicating that intra-particle diffusion
is not the rate limiting step [47]. This is also corroborated by the fact
that the Tb/GMP supramolecular networks could accommodate anionic
dyes by flexibly adapting the shape of guest molecules thus reducing
the resistance in the intra-particle diffusion path. The pseudo-first- and
second- order models were next performed as a comparison [48,49].
The adsorption kinetics fitted well with the pseudo-second-order and
the obtained coefficients (R2) were almost 1 for both dyes (Fig. S2c,
Table S1). This result suggested that chemisorption and/or ion

exchange mechanism makes a significant contribution to the overall
process kinetics, which showed great coincidence with the results de-
monstrated above. In addition, the fast kinetics features of Fe3O4@Tb/
AMP core-shell nanoparticles make it more applicable for practical
applications with operational convenience and low cost.

The adsorption isotherm represented the relationship between the
removal ability of the adsorbents and the concentration of the dye so-
lution was next investigated. As depicted in Fig. 8a, within the low
concentration range, the values of qe for both dyes increased linearly
with increasing the concentration of dye solution at room temperature.
However, the linear growth of the adsorption capacities is restricted at
higher concentrations, thus the maximum qe value for AR and CR was
up to 345.54mg g−1 and 868.56mg g−1, respectively. To clarify the
adsorption process more clearly, Langmuir and Freundlich isothermal
models were employed to evaluate the equilibrium adsorption.

Langmuir isotherm model proposes the monolayer adsorption oc-
curs at specific homogenous sites within the adsorbent. Once a dye
molecule occupies a site, no further adsorption will take place at the site
[50,51]. The Langmuir equation was shown as Eq. (6) [52]:

= +C
q K q

C
q

1e

e L m

e

m (6)

where qm (mg g−1) and KL (L mg−1) are the maximum capacity of the
adsorbents and the Langmuir adsorption isotherm model constant as-
sociated with adsorbent energy, respectively. By plotting Ce/qe
againstCe, the value ofqm could be obtained directly from the slope and
then the valve of KL from the intercept.

For Freundlich isotherm model, it describes the multilayer adsorp-
tion occurs on heterogeneous surfaces with a uniform energy distribu-
tion, within which additional interaction between adsorbed molecules
resulted in an increase of the amount of dye adsorbed on the adsorbents
with increasing dye concentration in solution. The Freundlich equation
was given as Eq. (7) [52]:

= +q
n

C Kln 1 ln lne e F (7)

where KF (L mg−1) is the Freundlich constant which is connected to the
magnitude of adsorption driving force and 1/n is heterogeneity factor.
By plotting lnqe versus lnCe, the valve of 1/n and KF could be calculated
from the slope and intercept, respectively. As shown in Fig. 8b, c, the
corresponding correlation coefficients (R2) values of Langmuir model
(R2 > 0.9910) are much higher than that of Freundlich model

Fig. 6. Effect of the dosage of Fe3O4@Tb/AMP core-shell nanoparticles on adsorption efficiency of AR (a) and CR (b) (Upper: photographs).

Fig. 7. Kinetics of AR/CR removal by Fe3O4@Tb/AMP. (Conditions: initial
solution pH, AR: pH=5 and CR: pH=6; Buffer concentration: 0.05M; and at
the temperature of 298 K).
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(R2 < 0.9325), indicating that Langmuir isotherm model is more ap-
plicable to evaluate the selective adsorption of AR/CR at the specific
adsorption sites of Fe3O4@Tb/AMP core-shell nanoparticles. Mean-
while, the dye adsorption process is not affected by its own inter-
molecular interaction between the adsorbed dye molecules. Finally, the
adsorption site would reach saturation at high adsorbate concentration,
resulting in the equilibrium of the dye adsorbed. According to the si-
mulated Langmuir isotherm data, the maximum adsorption capacity
estimated from the linear regression equation is 357.14mg g−1 for AR
and 909.09mg g−1 for CR, matching well with the experimental data
345.54mg g−1 and 868.56mg g−1 (Table 1). This result also validated
the applicability of Langmuir model to predict the adsorption process.
Since the essential features of the Langmuir isotherm can be expressed

in terms of a dimensionless constant called separation factor (RL, also
called equilibrium parameter), the value of RL was further calculated by
the following equation Eq. (8) [53]:

=
+

R
K C
1

1L
L 0 (8)

where the value of C0 is the initial concentration of dye solution, RL
indicates reaction type: unfavorable (RL > 1), linear (RL =1), favor-
able (0 < RL < 1), and irreversible (RL =0).

The calculated RL which reflected the tightness of connection be-
tween the adsorbent and the adsorbate are smaller than 1 for both AR
and CR (Fig. 8d), indicating the adsorption process was favorable [54].
Moreover, the value of RL for CR is smaller than that for AR, suggesting
the adsorption process of Fe3O4@Tb/AMP core-shell nanoparticle to-
wards CR is the more favorable than AR under the experimental con-
dition, which was consistent with the actual experimental results de-
monstrated above.

Table 2 presented the comparison of Fe3O4@Tb/AMP core-shell
nanoparticle we developed and other adsorbents reported before. It
could be found out that the qm of Fe3O4@Tb/AMP nanoparticles cal-
culated from Langmuir isotherm model for removal of AR/CR exhibited
great superiority over other adsorbents, which substantially validated
the further application of Fe3O4@Tb/AMP nano-adsorbents for selec-
tive treatment of anionic dyes in colored wastewater from textile in-
dustry.

The thermodynamic parameters, which not only reflected the re-
lationship between AR/CR adsorption and temperature, but also gave
in-depth information about the inherent energetic changes during

Fig. 8. (a) Adsorption isotherms of AR and CR onto Fe3O4@Tb/AMP core-shell nanoparticles; Langmuir Plot (b) and Freundlich Plot (c) for adsorption of AR/CR onto
Fe3O4@AMP/Tb core-shell nanoparticle; (d) Separation factor for the adsorption of AR/CR Fe3O4@Tb/AMP core-shell nanoparticles (Conditions: adsorbent dosage,
3 mg; initial solution pH, AR: pH=5 and CR: pH=6; Buffer concentration: 0.05M; and at the temperature of 298 K).

Table 1
Parameters of adsorption isotherm for Fe3O4@Tb/AMP core-shell nano-
particles.

Dyes

Fitting model Parameter AR CR

Langmuir qexp(mg g−1) 345.54 868.56

qm(mg g−1) 357.14 909.09
KL(L mg−1) 0.0782 0.0647
R2 0.9981 0.9910

Freundlich KF (mg/g(L/mg1/n) 44.47 100.07
1/n 0.4744 0.5045
R2 0.9325 0.8822
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adsorption process were next determined from the adsorption isotherms
at different temperatures. Standard Gibbs free energy change (ΔGθ, kJ
mol−1) is calculated with Eq. (9). Standard enthalpy change(ΔHθ, kJ
mol−1) and standard entropy change (ΔSθ, J mol−1 K−1) are calculated
from the slope and the intercept of the plot of ln Kθ versus 1/T using the
van’ Hoff Eq. (10) [63].

= −RTlnKΔGθ θ (9)

= −lnK S
R

H
RT

Δ Δθ
θ θ

(10)

where T (K) is the temperature in Kelvin, R (8.314 Jmol−1 K−1) is
universal gas constant and K is the thermodynamic equilibrium con-
stant for the adsorption process, which can be calculated from the ratio
of the equilibrium adsorption capacity (qe) to the equilibrium con-
centration of the solution (Ce).

The plot of Kln θ vs 1/T for the adsorption of AR/CR onto
Fe3O4@Tb/AMP core-shell nanoparticles at 298, 313, 328 K are shown
in Fig. S3 and the calculated thermodynamic parameters are shown in
Table 3. Generally, the negative ΔG at various temperatures indicated
that the adsorption of AR/CR onto magnetic Fe3O4@Tb/AMP core-shell
nanoparticles was spontaneous. The positive ΔS suggested the adsorp-
tion process led to the increase of randomness and the positive ΔH
implied this adsorption process was endothermic, which meant that
when the temperature was higher, the maximum adsorption capacities
could further be improved as shown in Eq. (11) [64].

⎜ ⎟= ⎛
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− ⎞
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K
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R T T

Δ 1 12
θ

1
θ
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1 2 (11)

3.4. Desorption and reusability

As a novel water purification technology for colored wastewater
treatment with commercial feasibility, it requires the developed ad-
sorbents bear advantage of the adsorption ability not only in rapid
adsorption rate, high removal capacity, but also more especially in the
recyclability. In this study, a simple method was applied to regenerate
dye-adsorbed Fe3O4@Tb/AMP ICP core-shell nanoparticles. Typically,

8 mL Na2SO4 aqueous solution (1M) for AR and 4mL methanol/NaCl
(2M) solution with a volume ratio (v/v=3:1) for CR were used as
desorption solvent, respectively. As depicted in Fig. 9, the adsorption
efficiency of AR and CR were as high as 91.76% and 95% after 5
consecutive cycles, suggesting that Fe3O4@Tb/AMP core-shell nano-
particles with good regeneration and reusability are economically sus-
tainable in colored wastewater management. Note that, to obtain the
maximum desorption efficiency, desorption solvents have already been
optimized during the regeneration process, as demonstrated in Fig. S4.

3.5. Selective adsorption of anionic dyes from colored wastewater

Having demonstrated the great adsorption ability and reusability of
Fe3O4@Tb/AMP nanoparticles, the selective adsorption of anionic dye
from the mixed dye solution was investigated under the optimal con-
dition. 3mg Fe3O4@Tb/AMP nanoparticles were added into the mix-
tures of AR/MB (1.0 mL, 100mg L−1/20mg L−1 in pH 5) and CR/MG
(200mg L−1/100mg L−1 in pH 6), respectively. As shown in Fig. 10a,
after adsorption and magnetic separation, the dark green color of AR/
MB changes into greenish blue and UV–vis spectra of the mixture
suggested that the characteristic peak of AR at 423 nm disappeared
while that for the MB at 672 nm was not impressive. For CR/MG mix-
ture, after adsorption, the light green color turns into light blue and the
similar change of characteristics peak could also been observed
(Fig. 10b). These features indicated that the selective removal of an-
ionic dyes from mixed dye solution could be realized by Fe3O4@Tb/
AMP nanoparticles easily.

To further demonstrate the practical application of Fe3O4@Tb/AMP
nanoparticles for selective removal of anionic dyes, two colored was-
tewater from textile industry were then testified. As shown in Fig. 10c,
with the presence of Fe3O4@Tb/AMP nano-adsorbents, not only the
color but also the characteristic absorption peak at 578 nm of colored
wastewater 1 (which contained anionic dye) diminished, indicating the
removal of the dye clearly (99.31 ± 0.46%). As far as the universality
of the nano-adsorbents was considered, AR (100mg L−1) or CR
(200mg L−1) were added standardly to colored wastewater 2, which is
complex and may be without the presence of anionic dyes. As shown in
Fig. 10d, e, the color and the UV–vis absorption of AR/CR in colored
wastewater 2 also diminished and the adsorption efficiency were as
high as 98.81 ± 2.15% for AR and 99.53 ± 3.06% for CR, as pre-
sented in Table 4. All of these properties ensured the reliability of the
magnetic Fe3O4@Tb/AMP ICP core-shell nanoparticles for selective
removal of anionic dyes from colored wastewater directly, which pave a

Table 2
Comparison of qm of various adsorbents for AR/CR.

Dye Adsorbents qm(mg/g) References

Alizarin red CS-IMBTESPEDA-SBA-15 50.25 [55]
Alizarin red MAC nano-composite 108.69 [56]
Alizarin red Fe3O4@PPy NPs 116.30 [57]
Alizarin red Au-NPs-AC 123.15 [58]
Alizarin red Fe3O4@AMP-Tb 357.14mg/g Present study

Congo red NiAl-S1 LDH 120.50 [59]
Congo red DP Mn2O3-carbon-PVP 125.60 [60]
Congo red Hierarchical porous ZnO 334.00 [61]
Congo red MoS2- rGO 415.90 [62]
Congo red Fe3O4@AMP/Tb 909.09mg/g Present study

Table 3
Thermodynamic parameters for the adsorption of AR/CR onto Fe3O4@Tb/AMP
core-shell nanoparticles at different temperatures.

Dye Co (mg/L) Thermodynamic parameters

T (K) ΔG (kJmol−1) ΔH (kJ mol−1) ΔS (J mol−1 K−1)

AR 800 298 −3.4158 6.5032 33.2884
800 313 −3.9161
800 328 −4.4154

CR 1600 298 −5.7280 13.1486 63.3444
1600 313 −6.7094
1600 328 −7.6284

Fig. 9. Cyclic regeneration of Fe3O4@Tb/AMP core-shell nanoparticles. The
desorption solvent: 8 mL Na2SO4 aqueous solution (1M) for AR and 4mL me-
thanol/NaCl (2M) solution with a volume ratio (v/v=3:1) for CR.
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new avenue for cleanup of colored wastewater and probable industrial
reuse of anionic dyes in future.

4. Conclusions

In this study, by fully exploring the adaptive nature of Tb/AMP
infinite coordination polymer and rational design of the core-shell
structure, novel magnetic Fe3O4@Tb/AMP core-shell nanoparticles
with high magnetic susceptibility and selective adsorption for anionic
dyes over cationic species were developed. Under the optimal condi-
tion, the maximum adsorption capacity calculated from Langmuir
model of the Fe3O4@Tb/AMP core-shell nanoparticles was higher than
most of adsorbents reported in the literature before and this nano-

adsorbents could be easily recovered by an external magnet. All of these
properties enabled anionic dyes being selectively removed from colored
wastewater subsequently. The result of this study not only offered a
clean and efficient water purification technology to eliminate of dye
pollution in wastewater treatment purposefully, but also widen the
application of infinite coordination polymer nanoparticles in environ-
ment field. Further work is in progress to develop novel technology of
dye wastewater treatment with tailoring ICPs.
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